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Abstract: This article discusses the deposition of different amount of microstuctured
poly(3,4-ethylenedioxythiophene) (PEDOT) on reticulated vitreous carbon (RVC) by electrochemical
method to prepare three-dimensional (3D) PEDOT/RVC electrodes aimed to be used in capacitive
deionization (CDI) technology. A CDI unit cell has been constructed here in this study.
The performance of CDI cell in the ion removal of NaCl onto the sites of PEDOT/RVC electrode
has been systematically investigated in terms of flow-rate, applied electrical voltage, and increasing
PEDOT loading on PEDOT/RVC electrodes. It is observed that the increase in flow-rate, electric
voltage, and PEDOT loading up to a certain level improve the ion removal performance of electrode
in the CDI cell. The result shows that these electrodes can be used effectively for desalination
technology, as the electrosorption capacity/desalination performance of these electrodes is quite
high compared to carbon materials. Moreover, the stability of the electrodes has been tested and it is
reported that these electrodes are regenerative. The effect of increasing NaCl concentration on the
electrosorption capacity has also been investigated for these electrodes. Finally, it has been shown
that 1 m3 PEDOT-120 min/RVC electrodes from 75 mg/L NaCl feed solution produce 421, 978 L
water per day of 20 mg/L NaCl final concentration.
Keywords: PEDOT/RVC composites; CDI technology; ion removal; electrosorption performance;
CDI stability; water production

1. Introduction
Capacitive deionization (CDI) technology, which is also called electrosorption [1], is an
electrochemical desalination tool [2–6]. It provides a simple and robust approach to the removal of trace
ions from solution [5,7–9]. It generally follows the electric double layer theory [2]. The electrochemical
double layer is formed at the electrodes and electrolyte solution interfaces on the application of a
direct current. For more than half a century, it has been demonstrated that CDI technology has the
potential to be an energy efficient desalination method because it is operated at low direct voltages
(DV) (between 0.8 to 1.6 voltage) without high-pressure pumps and thermal heaters [2,4–6,10,11].
A CDI cell consists of two electrodes that are placed face to face at both sides of a spacer, which
allows for aqueous solution to stream through it. These electrodes can be called anode and cathode
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and can be made out of any material, not necessarily only metals [2]. Membrane is used as a separator
between the two electrodes in a CDI cell to prevent an electrical short and to maintain a constant
distance [12]. There are a number of different porous carbon materials that can be applied as electrodes
in capacitive deionization (CDI), such as carbon felt [13], carbon aerogels [14], carbon cloth [5]
and titania modified carbon cloth [7,8]. More recently, carbon nanotube structures [9,15], carbon
nanofiber [1] and inherently conducting polymers such as polypyrrole [16] have been investigated
for this purpose. Carbon materials have been deemed good electrodes for CDI because of their
easy accessibility, low cost, resistance to acidic and basic environments, low density, diverse porous
structure, and other properties [17].
Reticulated vitreous carbon (RVC), which initially was designed as an acoustic isolator [18], was
first developed as a thermally insulating, micro-porous glassy carbon electrode material [19]. It is
described as a three-dimensional (3D) porous structure having a honeycomb or foamy structure.
Friedrich et al. [20] presented an illustrated review of RVC as an electrode material, encompassing
characteristics such as a very high area: volume ratio depending on porosity grade, a low density, a
low thermal expansion, a high corrosion resistance, high thermal and high electrical conductivities that
are very attractive for electrochemical applications [20,21]. Furthermore, RVC can easily be surface
modified with various materials [22,23] including conducting polymers [24–28].
Poly(3,4-ethylenedioxythiophene) (PEDOT) has been regarded as a promising pseudo-capacitive
material due to its fast charge–discharge kinetics and stores charge not only in the electrical double
layer but also throughout the body of the polymer by rapid faradaic charge transfer. Therefore, many
researchers have studied PEDOT as an electrode material for supercapacitors having high energy and
power density [29–31]. It should be noted that PEDOT, reported in the PEDOT/carbon composite
electrodes for supercapacitors, was synthesized in-situ on carbon materials by electrochemical or
chemical-polymerization from EDOT [32]. The electrochemical deposition of conducting polymers
on carbon substrates has been studied with the goal of improving the mechanical properties of these
polymers [33–35].
The aim of the present research is to make PEDOT/RVC composites and use PEDOT as materials
and 3D microstructure electrodes in CDI technology. RVC has been used as the substrate in a CDI
system to reduce the resistance of solution flow through the electrode, increase the stability of composite
electrode towards high flow-rate pressure, increase the possibility of ions reaching all electrode surfaces
in a short time for electrosorption, and shorten the time of ions release from the electrode surface.
An attempt has been made to improve the performance of the CDI system in terms of geometric
volume and area by electrodeposition of different percentages of PEDOT on RVC electrodes. Moreover,
a simple flow-through cell has been made and designed in such a manner that will direct solution flow
between electrodes in a CDI system.
2. Materials, Methods and Experimental
2.1. Chemicals and Materials
Commercially available 3,4-ethylenedioxythiophene monomer (EDOT), having purity 99.9%, has
been procured from Sheng Chemical Ltd (Taichung, Taiwan). The chemicals, namely, acetonitrile
(ACN) (AR grade), lithium perchlorate (LiClO4 ) (AR grade), concentrated nitric acid (70%) and
sodium chloride (AR grade) were purchased from Sigma-Aldrich (Darmstadt, Germany). The RVC
(60 ppi (normal pores per linear inch)) was supplied by ERG Materials and Aerospace Engineering
limited (Oakland, CA, USA). All these materials were used as received. The milli-Q water, used in all
preparations, possesses a resistivity 18.2 mΩ cm–1 .
2.2. Pre-Treatment of the RVC Electrode
All the RVC electrodes were cut according to dimension 4 cm × 3.5 cm × 0.3 cm (length × width ×
thickness) (32.5 cm2 or 4.2 cm3 ) from a block of RVC material. For removing impurities, these electrodes
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were soaked in 2 M HNO3 for 24 h [36]. Subsequently, these electrodes were washed thoroughly with
distilled water for removing acid until the pH of the effluent became neutral. The organic impurities
from the RVC electrodes were removed by soaking in methanol for 2 h [36]. The RVC electrodes were
weighed after drying with nitrogen flow and keeping in an oven overnight at 110 ◦ C.
2.3. Electrochemical Polymerization of PEDOT on RVC Electrode
In the present work, both cyclic voltammetric and chronoamperometry techniques were used to
synthesize PEDOT/RVC composite electrodes, where, to ensure complete wetting, the RVC pieces
were left in contact with working electrolyte for minimum 24 h before polymerization. The working
electrodes were prepared by making electrical contact using a Pt wire hook. The reference and
counter electrodes for electropolymerization were Ag/AgCl (3 M NaCl) electrode and a Pt mesh
with dimension 4 × 4 cm2 , respectively. An organic electrolyte, used for electropolymerization,
was acetonitrile solution that contains EDOT monomer (0.01 M) and a supporting electrolyte salt
LiClO4 (0.1 M) [37,38]. Prior to electropolymerization, a thorough deoxygenation of the solution was
carried out for 10 min at room temperature for all experiments. The deposition of PEDOT on RVC
working electrode was done by cyclic voltammetry where three electrode systems were used in the
applied voltage range 0–1.3 V at a scan rate 50 mV/s. Moreover, the deposition of PEDOT film was
performed galvanostatically on RVC electrode at a constant applied voltage for various time periods.
The determination of PEDOT-ClO4 quantity, coated on RVC, was done from the calculation of total
charge passed during electropolymerization. The value of total charge was directly read from the
I-V curve.
2.4. Electrochemical Characterisation
The capacitance was determined by cyclic voltammetry (CV). A PEDOT/RVC composite electrode
was used as the working electrode (WE) in 1 M NaCl aqueous solution and scanned in the voltage
range between −0.2 and 0.8 V using a three-electrode system; RVC electrode and Ag/AgCl (3 M NaCl)
were used as counter electrode (CE) and reference electrode (RE), respectively. The benefit of using a
reference electrode is that it has a stable and well-known electrode potential that measure the potential
accurately. The scan rates ranging from 5 to 200 mV/s. Contacts to the WE and CE were made using
Pt wire. The experiments were conducted in batch mode. The volume of solution was 60 mL.
2.5. Measurement the Amount of Ion Removal from the NaCl Aqueous Solution
NaCl concentration was determined in our laboratory by measuring the electrical conductivity of
NaCl solution. The calibration curve linearity is shown in Figure S1 (see Supplementary Materials).
Conductivity linearly increased as NaCl concentration increased. The equation from fitting a line
starting from the origin (0, 0) to the calibration curve is as follows:
Cond = 1.9067 × Conc

(1)

where Cond and Conc are the conductivity (µS/cm) and concentration (mg/L) of NaCl solution,
respectively. An example for calculation of the ion removal from NaCl solution has been shown in
Supplementary Materials.
3. Results and Discussion
3.1. Construction of a CDI Cell and Flow-through Open Cell Fabrication
Capacitive deionization experiments were carried out in a flow-through system, depicted in
Figure 1a. The CDI unit cell consisted of a flow-through cell which has two parallel electrodes that
allows aqueous solution to stream between them, and the spacing of 5 mm between the electrodes
is maintained.
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Lawrence Livermore National Laboratories in USA designed a CDI unit as a closed system to
force water flow into all the pores of the electrodes [2]. It had a retaining plate, rubber gasket, electrode,
rubber spacer and nylon spacer [9] and it was usually modified by researchers to make it suitable for
2017, 10,[2,5,8,12,39–43].
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the 75 mg/L NaCl solution (143 µS/cm) using a RVC electrode and Ag/AgCl electrode as counter and
reference electrodes, respectively, and the solution temperature was maintained at 293 K.
3.3. Effect of Applied Voltage on Ions Removal
It is known that oppositely charged ions are attracted to oppositely charged electrodes and the
adsorption behaviour of ion removal on the electrodes are affected by various direct electrical voltages
applied [1]. To determine the greatest direct applied voltage that would be efficient in a CDI system,
PEDOT-20 min/RVC composite electrode (which has 29 mg PEDOT loading) was tested at four
different applied voltages (0.6, 0.7, 0.8 and 0.9 V) at a volume flow-rate of 35 mL/min through a CDI
cell (Figure 2a). The selection of these voltages was done according to our previous study published
elsewhere [44]. Once the electric field was applied, the solution conductivity dropped dramatically
because ions were attracted to the oppositely charged electrodes [1]. The CDI cell exhibited increased
ions removal with increased applied voltage in the range of 0.6 to 0.8 V. It was noticeable that the
conductivity of NaCl solution decreased, once the electrode voltage was applied, to approximately
129.81, 126.89 and 123.41 µS/cm at 0.6, 0.7 and 0.8 V, respectively. The CDI process was very efficient
at 0.8 V because of enhanced electrostatic forces, with a much poorer performance at 0.6 V. However,
the conductivity change was not marked different at 0.9 V because the ions were adsorbed maximally
at 0.8 V [1]. In the laboratory, when the electrical voltage was at 0.8 V, no visible gas bubbles appeared
in the target solution, indicating that there was no electrolysis of water taking place [45].
Materials 2017, 10, 847
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Figure 2. (a) Effect of applied voltage on electrosorption at a PEDOT-20 min/RVC composite electrode
Figure 2. (a) Effect of applied voltage on electrosorption at a PEDOT-20 min/RVC composite electrode
using a 35 mL/min flow-rate and 75 mg/L NaCl feed solution; (b) Plot of electrosorption capacity as a
using a 35 mL/min flow-rate and 75 mg/L NaCl feed solution; (b) Plot of electrosorption capacity as a
function of electrical voltage.
function of electrical voltage.

3.4. Effect of Flow-Rate on Ions Removal
The electrosorption capacity of a PEDOT coating on RVC electrodes was calculated according to
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seen that the electrosorption capacity, which has been calculated according to Equation (2) and shown
in Figure 2b, gradually rose from 14.36 to 21.21 mg/g. It is obvious that the electrosorption capacity
is dependent on applied voltage, and higher ion removal is achieved with higher voltage. The high
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working
voltage
for all
as electrosorption
was ascertained
Figure
2. (a) Effect
of PEDOT/RVC
applied voltage electrodes
on electrosorption
at a PEDOT-20electrodes
min/RVC composite
electrodeto be
0.8 Vusing
and was
selectedflow-rate
for subsequent
studies
the
effect of
on ions removal
in as
thea CDI
a 35 mL/min
and 75 mg/L
NaClon
feed
solution;
(b)flow-rate
Plot of electrosorption
capacity
system;
as reported
in the
next section.
function
of electrical
voltage.
3.4.
Effect of
3.4. Effect
of Flow-Rate
Flow-Rate on
on Ions
Ions Removal
Removal
The
effectofofflow-rate
flow-rate
electrosorption
performance
ofwas
CDIinvestigated
was investigated
using
The effect
on on
electrosorption
performance
of CDI
using PEDOTPEDOT-20
min/RVC
composite
electrode
by
testing
at
seven
different
flow-rates
(Figure
3).
It is
20 min/RVC composite electrode by testing at seven different flow-rates (Figure 3). It is clear from
clear
from
the
figure
that
at
a
lower
flow-rate,
such
as
15
mL/min,
the
solution
has
a
high
conductivity
the figure that at a lower flow-rate, such as 15 mL/min, the solution has a high conductivity
130.22
because too
too low
low aa pump
pump rate
rate will
will introduce
introduce aa low
low pump
pump force
force that
130.22 µS/cm
μS/cm because
that is
is lower
lower than
than the
the
electrosorption
force
and
therefore
decrease
the
electrosorption
amount
[45].
The
NaCl
conductivity
electrosorption force and therefore decrease the electrosorption amount [45]. The NaCl conductivity
decreased
which had
had aa conductivity
decreased when
when the
the flow-rate
flow-rate was
was increased
increased up
up to
to 80
80 mL/min,
mL/min, which
conductivity of
of
116.20
after 2.5 min.
This indicates
indicates accelerated
accelerated adsorption
adsorption of
of ions
ions on
on the surface of
116.20 µS/cm
μS/cm after
min. This
of the
the
PEDOT/RVC
electrode from the NaCl solution. However, it can be seen that the conductivity did not
PEDOT/RVC electrode
change significantly
significantly when
when the
theflow-rate
flow-ratewas
wasincreased
increasedfrom
from80
80mL/min
mL/minup
upto
to120
120mL/min.
mL/min. This was
due to the equilibrium between the electrostatic force of the electrode and the driving force in the
flow-rate which did not significantly
significantly change
change when
when the
the flow-rate
flow-rate was
was increased.
increased. Hence, the results
showed that 80 mL/min
was the
the optimum
optimum flow-rate.
flow-rate.
mL/min was
Thus, methodical investigations have been done that demonstrated that an electrical voltage of
0.8 V and
and flow-rate
flow-rate of
of 80
80 mL/min
mL/min were the optimum conditions and key factors which affected the
NaCl ion removal
removal performance
performance onto
onto the
the sites
sites of
ofthe
thePEDOT/RVC
PEDOT/RVC electrode. These conditions were
then applied
to
investigate
the
effect
of
PEDOT
loading
removal
efficiency
as as
reported
in
applied to investigate the effect of PEDOT loadingononNaCl
NaClion
ion
removal
efficiency
reported
the
next
section.
in the
next
section.

Figure 3. Effect of flow-rate on the electrosorption behaviour of PEDOT-20 min/RVC composite
Figure 3. Effect of flow-rate on the electrosorption behaviour of PEDOT-20 min/RVC composite
electrode. Applied voltage: 0.8 V; Concentration of NaCl feed solution: 75 mg/L.
electrode. Applied voltage: 0.8 V; Concentration of NaCl feed solution: 75 mg/L.

3.5. Effect of PEDOT Loading of PEDOT/RVC Electrode on Ions Removal
The CDI system was investigated with respect to the influence of increased loading of PEDOT
into RVC electrodes on the ion removal performance (Figure 4). All experiments were performed with
an electrical voltage of 0.8 V and a flow-rate of 80 mL/min through the CDI system, using 60 mL
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Figure 4. Effect of PEDOT loading of PEDOT/RVC electrode on ions removal efficiency using a CDI
Figure 4. Effect of PEDOT loading of PEDOT/RVC electrode on ions removal efficiency using a CDI
system. Applied voltage: 0.8 V; NaCl feed solution concentration: 75 mg/L; Flow-rate: 80 mL/min.
system. Applied voltage: 0.8 V; NaCl feed solution concentration: 75 mg/L; Flow-rate: 80 mL/min.

3.6. Electrosorption Performance of PEDOT Coated RVC Electrode
3.6. Electrosorption Performance of PEDOT Coated RVC Electrode
This section calculates the electrosorption capacity of all electrodes mentioned earlier. The mass
This section calculates the electrosorption capacity of all electrodes mentioned earlier. The mass
of PEDOT in the RVC electrodes, which have 4.2 cm33 geometric volumes and 32.5 cm22 geometric
of PEDOT in the RVC electrodes, which have 4.2 cm geometric volumes and 32.5 cm geometric
areas, are 13, 29, 71, 117 and 240 mg, respectively (as described in our previous publication [15]).
areas, are 13, 29, 71, 117 and 240 mg, respectively (as described in our previous publication [15]).
The variation of solution conductivity was monitored using a multi-function conductivity meter.
The variation of solution conductivity was monitored using a multi-function conductivity meter.
Accordingly, the correlation between conductivity (μS/cm) and concentration (mg/L) was calibrated
Accordingly, the correlation between conductivity (µS/cm) and concentration (mg/L) was calibrated
prior to experiments (Equation (1)).
prior to experiments (Equation (1)).
The electrosorption performance of all PEDOT coated RVC electrodes are shown in Figure 5.
The electrosorption performance of all PEDOT coated RVC electrodes are shown in Figure 5.
The electrosorption per gram decreased with increasing mass of PEDOT. Clearly, when the
The electrosorption per gram decreased with increasing mass of PEDOT. Clearly, when the
PEDOT-10 min/RVC electrode had 13 mg of PEDOT, the electrosorption was 52.84 mg/g, and when
PEDOT-10 min/RVC electrode had 13 mg of PEDOT, the electrosorption was 52.84 mg/g, and
PEDOT-120 min/RVC electrode had 240 mg of PEDOT, the electrosorption was 6.52 mg/g (using
when PEDOT-120 min/RVC electrode had 240 mg of PEDOT, the electrosorption was 6.52 mg/g
Equation (2)). As mentioned before, our aim focuses on increasing the performance of the electrode
(using Equation (2)). As mentioned before, our aim focuses on increasing the performance of the
in terms of geometric volume and area. Therefore, the electrosorption capacity per unit geometric
electrode in terms of geometric volume and area. Therefore, the electrosorption capacity per unit
volume and geometric area were calculated using Equations (3) and (4), respectively, and are
geometric volume and geometric area were calculated using Equations (3) and (4), respectively,
presented in Table 1 as mg/cm3 and3 mg/cm2, respectively.
It is clear that, in these terms,
and are presented in Table 1 as mg/cm and mg/cm2 , respectively. It is clear that, in these terms,
electrosorption increased with increasing amounts of PEDOT on the RVC electrodes. When the
electrosorption increased with increasing amounts of PEDOT on the RVC electrodes. When the
PEDOT-10 min/RVC electrode had 13 mg of PEDOT, the electrosorption was 0.05 mg/cm2 or 0.16
PEDOT-10 min/RVC electrode had 13 mg of PEDOT, the electrosorption was 0.05 mg/cm2 or
mg/cm3, and3 when PEDOT-120 min/RVC electrode had 240 mg of PEDOT, the electrosorption was
0.16 mg/cm , and when PEDOT-120 min/RVC electrode had 240 mg of PEDOT, the electrosorption
was 0.12 mg/cm2 or 0.41 mg/cm3 . It is worth mentioning that the electrosorption capacity of
PEDOT-56/RVC electrode (6.52 mg/g) has better desalination performance than carbon materials
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Figure 5. Effect of PEDOT loading of PEDOT/RVC electrodes on electrosorption as reported in terms
Figure 5. Effect of PEDOT loading of PEDOT/RVC electrodes on electrosorption as reported in terms
of mass of PEDOT, and geometric volume of the PEDOT/RVC electrode.
of mass of PEDOT, and geometric volume of the PEDOT/RVC electrode.
Table 1. Electrosorption performance of PEDOT/RVC composite electrodes with different PEDOT
Table 1. Electrosorption performance of PEDOT/RVC composite electrodes with different
loadings.
PEDOT loadings.
Electrosorption Capacity
PEDOT/RVC Composite Electrode
mg/g Electrosorption
mg/cm3 Capacity
mg/cm2
PEDOT/RVC Composite Electrode
of PEDOT
of3 Electrode
mg/g of PEDOT
mg/cm
of Electrodeof Electrode
mg/cm2 of Electrode
PEDOT-10 min/RVC
52.84
0.16
0.05
PEDOT-10 min/RVC
52.84
0.16
0.05
PEDOT-20 min/RVC
30.86
0.19
0.06
PEDOT-20 min/RVC
30.86
0.19
0.06
PEDOT-50 min/RVC
16.36
0.28
0.09
PEDOT-50 min/RVC
16.36
0.28
0.09
PEDOT-70 min/RVC
11.62
0.32
0.11
PEDOT-70 min/RVC
11.62
0.32
0.11
PEDOT-120 min/RVC
6.52
0.37
0.12
PEDOT-120 min/RVC
6.52
0.37
0.12
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Figure 7. Electrosorption capacity of PEDOT-120 min/RVC composite electrode at varous concentrations
of NaCl feed solution. Applied voltage: 0.8 V; Flow-rate: 80 mL/min.
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Figure 8. (a) Calibration curve of electrosorption vs. concentration of NaCl feed solution;
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4. Conclusions
4. Conclusions
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electropolymerization on RVC and used for the first time as materials and electrodes in CDI technology.
It is seen that the removal of ions increases with the increase in applied voltage and flow rate up to
a certain level and then become marginal. Moreover, the increase in amount of PEDOT loadings on
PVC also increases the ions removal capability of the electrode. It has been demonstrated that the
electrodes are regenerative. The electrosorption increases with the increase in concentration of NaCl
solution. The aim of this study was achieved, as demonstrated by the improved performance of the
CDI electrode in terms of unit geometric volume and geometric area. It was shown that they have
better desalting performance compared to carbon materials. Furthermore, the water produced by 1 m3
PEDOT-120 min/RVC electrodes from 75 mg/L NaCl feed solution was calculated to be 421,978 L/day
of water of 20 mg/L NaCl final concentration.
Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/7/847/s1,
Figure S1: Calibration curve linearity for ionic conductivity vs. NaCl concentration.
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