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S1. Schematic Diagram of a-SWCNT Dip Coated on RVC Electrode
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Figure S1. The full process of dip coating RVC in an a-SWCNT solution.

S2. Measurement and Calculation of Ion Removal from NaCl Aqueous Solution
Measurement of Ion Removal from NaCl Solution

NaCl concentration was determined in our laboratory by measuring the electrical
conductivity of a NaCl solution. The calibration curve linearity is shown in Figure S2.
Conductivity linearly increased as the 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 x Conc (S1)

where Cond and Conc are the conductivity (uS/cm) and concentration (mg/L) of the NaCl solution,
respectively.
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Figure S2. Calibration curve linearity for ionic conductivity vs. NaCl concentration.
Calculation of Ion Removal from NaCl Solution

The conductivity of the solution is measured by the conductivity meter. If the initial NaCl
solution conductivity is 143.00 uS/cm, and after charging the electrode it became 138.59 uS/cm,
then the ion removal from the solution can be calculated. As we know from Equation (S1):

Conductivity = 1.9067 x Concentration
hence:
Concentration = Conductivity/1.9067
Therefore: the initial concentration = (143.00)/1.9067= 75.00 mg/L and
The final concentration = (138.59)/1.9067=72.69 mg/L.

Hence, the ion removal from the NaCl solution = initial concentration - final
concentration =2.31 mg/L.

S3. 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 S3a. 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.

Lawrence Livermore National Laboratories in the USA designed a CDI unit as a closed
system to force water flow into all the pores of the electrode. It had a retaining plate, rubber
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gasket, electrode, rubber spacer, and a nylon spacer and it was usually modified by researchers to
make it suitable for their applications.

A flow-through electrode was prepared for use in this CDI cell and this electrode has low
hydraulic resistance. This means that water flow will easily pass through all the pores of the
electrodes in a CDI flow-through cell, as shown in Figure S3b. This cell was designed in our
laboratory and it was built by printing on a Connex 350 3D printer, by Objet. This printer built
our cell with UEROBACK material over a period of three hours. After that, it was washed with
water in readiness for use in the CDI system. The cell production was basic, easy, and fast, very
accurate, and resulted in a strong product. In this cell, we avoided using rubber gaskets, a nut
tool, threaded rods, and an insulator layer between electrodes. Additionally, the electrical contact
with electrodes was good and very easy. Furthermore, this cell has a rectangular external (Figure
S3b) and H-like internal (Figure S3c) shape. The dimensions of the outside cell was 57 mm x 62
mm x 32 mm in height, length, and width, respectively. Each side had one 4 mm diameter hole
for solution flow, one near the top and the other near the bottom. These holes are connected with
a 250 mm (MasterFlex L/S® 25) pump tubing to a peristaltic pump in a recirculating fashion
(Figure S3a). It is worth noting that the middle of both sides of the cell was fitted with 35 mm x 35
mm glass windows to allow light to be directed through the cell to the electrodes. This was
designed to be suitable for any future studies that need to use light for excitation of the electrodes.
This glass was of dielectric material, transparent, and allows all wavelengths to pass through it.
Moreover, the H-shape was designed inside the cell to be suitable for holding a glass
conductivity electrode (4 mm thickness) inside the cell if needed for any relevant applications.
The dimensions inside the cell were 50 mm x 50 mm x 20 mm in height, length, and width,
respectively, as shown in Figure S3c (the top of the cell).
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Figure S3. Schematic diagram of a capacitive deionization (CDI) cell.
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S4. Calculation of Electrode Electrosorption Capacity in Terms of (mg/g) and (mg/cm3)

The electrosorption capacity of a PEDOT coating on RVC electrodes was calculated according to
the following equations [1-3]:

Minass = [(CO - Cf) X V] /m (SZ)
Muotume = [(Co— Cs) x V] / Z (S3)
Marea = [(CO — Cf) X V] / A (54)

where Minass, Mootume, and Marea are the electrosorption capacity of the working electrode in terms of
mg/g, mg/cm?3, and mg/cm?, respectively. Co is the initial concentration of the solution (mg/L), Cr
is the final concentration of the solution (mg/L) after adsorption, V is the volume of the solution
(L), m is the mass of the materials (g), and Z and A are the volume of the electrode and the
geometric area, respectively.

For example, if the mass of the electrode is 0.05 g (having 2.16 cm?® geometric volume and
17.88 cm? geometric area), the volume (v) and conductivity of the NaCl solution are 0.06 L and
143.00 uS/cm, respectively, and the conductivity of the NaCl solution after adsorption is 138.59
pS/cm, then the electrosorption capacities of the electrodes can be calculated. From the above
section, we obtain:

Initial concentration, Co= 75.00 mg/L and Final concentration, Ct=72.69 mg/L.

Therefore, from Equation (S2), we obtain: Mmass = [(Co — Cr) x V] / m, 50, Mmass = [(75 —
72.69) x 0.06] / 0.05 =2.77 mg/g.

Or, from Equation (S3), we obtain: Mvolume = [(Co — Ct) x V] /Z, s0, Mvolume = [(75 — 72.69) x
0.06] /2.16 = 0.06 mg/cm?.

Or, from Equation (S4), we obtain: Marea = [(Co — Ct) x V] /Z, 50, Marea = [(75 — 72.69) x 0.06]
/17.88 = 0.008 mg/cm?.

S5. Optimization of RVC Electrodes Coated with a-SWCNT

The general purpose of this work is the optimization of the reticulated vitreous carbon (RVC)
electrodes of different porosities coated with a-SWCNT. RVC electrodes have a free void volume
between 90% and 97%. Thus, RVC electrodes have a low flow resistance. Figure S4a—c show
photos of three RVC electrodes with porosities of 60, 45, and 30 ppi. It is clear that the free void
volume of the RVC electrodes increases with decreasing ppi grade. The average pore sizes of the
RVC electrodes were calculated from SEM images by measuring the distance between the green
lines in Figure S4d—f, and they were 350, 700, and 900 um for 60, 45, and 30 ppi, respectively.
RVC electrode properties are dependent on the ppi grade. If the amount of pores per inch (ppi)
increases, the electrode area per unit electrode volume will increase as well. According to the
previous reported properties of RVC [4,5], which include good surface area, conductivity, and
good mechanical strength, it is envisaged that the RVC electrode that has the largest number of
pores per inch would be the best to be used as an efficient electrode. Therefore, in order to
confirm that the electrode with smaller pores is the best electrode for loading of a-SWCNT, we
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investigated the influence of all electrode capacitances of RVC electrodes with different pore sizes
coated with the same amount of a-SWCNT. All RVC electrodes had the same geometric volume
(dimensions of 4.0 cm x 1.8 cm x 0.3 cm), and the same amount of a-SWCNT was coated, around
6 mg. The effect of different pores per inch was investigated in aqueous solution. Figure S4g
shows the capacitances of all electrodes that were calculated from cyclic voltammograms at the
potential scan rate of 5 mV/s using Equation (S5) [6]:

Crnass = Q / (ZmAV) (85)

where Cmassis the capacitance of electrode (F/g), Q is the charge (C), m is the mass (g), and V is the
voltage (V). It can be seen that the highest specific capacitance was 267.24 F/g for the a-SWCNT-
coated RVC electrode with 60 pores per inch, and the specific capacitance decreased with the
decrease in the number of pores per inch. This is because the RVC electrode with 60 ppi has a
higher surface area per volume of electrode. The RVC 60 ppi electrode coated with a-SWCNT (6
mg) will be discussed in detail in its electrochemical behavior evaluation using cyclic
voltammetry. In conclusion, therefore, 60 ppi RVC electrodes were selected as substrates to load
a-SWCNT for use as the electrode material.

Specific capacitance of a-SWCNT coated various pores
per inch RVC electrodes
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Figure S4. (a—c) Photos and (d—f) SEM micrographs of 60, 45, and 30 ppi RVC samples,
respectively; (g) the specific capacitance of a-SWCNT-coated RVC electrodes of various porosities
in 1 M NaCl solution calculated from cyclic voltammograms recorded in a voltage range between
-0.2 and 1.0 V using a three-electrode system vs. Ag/AgCl at a 5-mV/s scan rate.

S6. Scanning Electron Microscopy of a-SWCNT-Coated RVC Electrodes
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The surface morphology of the a-SWCNT-coated RVC electrode was examined using
scanning electron microscopy (SEM). SEM images of the 23.58 wt% a-SWCNT-coated RVC
electrode are shown in Figure S5. It can be concluded that the a-SWCNT dispersed very well in
DMEF because no aggregation is seen on the surface and RVC pores appeared to be completely
filled (Figure S5a). The appearance of the top surface is like a textile (Figure S5b) because the
nanotubes are irregularly spread on the RVC electrode and its pores are partly parallel and partly
perpendicular to the surface. The SEM images in Figure S5c—e show that the a-SWCNT tubes
became stronger and tougher due to the closer contact, which improved ion transfer between
nanotubes, which is consistent with the previously-reported results [7,8]. In addition, it shows
that the void spaces, or “pores”, between the matted SWCNT tubes are macroscale, and these
void spaces can be considered as macropores and are areas through which ion diffusion can
freely take place. From the SEM images, the SWCNT nano-network structures act as useful nano-
spacers for diminishing the aggregation of SWCNT. This 3D porous structure exposes an
extensive surface area that facilitates ion diffusion, leading to a high performance of
electrosorption. It maximizes the surface area, potentially allowing large capacitances to be
obtained [9]. This will also lead to an increase in the ions’ capture and the conductive properties
of a-SWCNT.

Figure S5. Scanning electron microscopy (SEM) images (a,b) top surface, (c) cross-section, and (d,e) 45°
view of 23.58 wt% a-SWCNT loading.

S7. Electrochemical Behavior Evaluation using Cyclic Voltammetry

In order to evaluate the electrochemical properties of the a-SWCNT-coated RVC electrode, cyclic
voltammetry was applied as it is one of the most widely-used techniques to study
electrochemical reactions. In this section, it is used to determine the effect of filling the pores of
RVC by a-SWCNT on the capacitance, the effect of increasing scan rate on electron transfer and
capacitance, and the stability of the electrode using 1 M NaCl solution recorded in the voltage
range between -0.2 and 1.0 V vs. Ag/AgCl in a three-electrode system with an RVC counter
electrode.
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S8. The Capacitance of the RVC Electrode before and after Loading with a-SWCNT

The capacitance of the RVC electrode in 1 M NaCl solution using a three-electrode
system was discussed in our previous publication [10], and it was calculated to be 0.002 F/cm?
using Equation (56) [6]:

Cvolume = Q/(ZZAV) (86)

where Cvolme is the capacitance of the electrode (F/cm?), Q is the charge (C), Z is the geometric
volume (cm?), and V is the voltage (V). Figure S6a shows the cyclic voltammograms of the 1 cm?
RVC electrode and the same electrode filled with 23.58 wt% a-SWCNT under the same conditions.
The peak current (ip) of the 23.58 wt% a-SWCNT-coated RVC electrode compared to a bare RVC
electrode has increased by a factor of 1375. This is related to the large surface area of a-SWCNT
compared to a bare RVC electrode, according to the Randle-Sevcik relationship [11]. The specific
capacitance of the 23.58 wt% a-SWCNT-coated RVC electrode was 2.75 F/cm?®. Figure S6b shows
that the specific capacitance of the electrode increased with increasing amounts of a-SWCNT in
geometric volume. The specific capacitance was 0.56 F/cm3, 1.02 F/cm?, and 1.31 F/cm?® for the
electrode that had 3.63, 12.50, and 17.43 wt% a-SWCNT coated on the RVC electrodes,
respectively. The specific capacitances of 3.63, 12.50, and 17.43 wt% a-SWCNT coated on the RVC
electrodes compared to a bare RVC electrode have increased by a factor of 280, 510, and 655,
respectively. Figure S6a shows the pseudo-capacitive behavior at 0.5 V for the RVC electrode
coated by a-SWCNT. This behavior referred to the functional group, which was created by the
nitric acid treatment on the SWCNT surface [12].

Cyclic voltammograms of RVC electrode and 23.58% wt a-SWCNT
coated RVC electrode at 20 mV/s scan rate from in 1M NaCl solution.
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Figure S6. (a) Comparison cyclic voltammograms of the 1 cm? bare RVC electrode and the same size of
the 23.58 wt% a-SWCNT-coated RVC electrode in 1 M NaCl scanned at 20 mV/s and using an RVC
counter electrode and Ag/AgCl reference electrode in a three-electrode system; and (b) the effect of a-
SWCNT loading of a-SWCNT/RVC composite electrodes on specific capacitance.
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S9. Effect of Increasing the Scan Rate on the Electrode Capacitance

The capacitive behavior of the a-SWCNT resulted mainly from electrochemical double-
layer charging along with a negligible contribution of pseudo-capacitance. In this study, the effect
of different scan rates on the electrode capacitance was investigated in 1 M NaCl aqueous
solution. Figure S7a shows the cyclic voltammograms of the 3.63 wt% a-SWCNT-coated RVC
working electrode obtained with various potential scan rates. It can be noted that electrochemical
reactions occur in the potential range of (-0.2-0.4 V) for scan rates of 5 mV/s, resulting in redox
peaks at about 0 and 0.2 V. However, the shapes of the CVs at scan rates of 5-20 mV/s are close to
rectangular, and as we know, the achievement of a rectangular-shaped CV is the suggested
ultimate goal in electrochemical double-layer capacitors (EDLC) [6]. The absence of Faradaic
reactions at 0.5 V indicates that the current response here absolutely comes from the electric
double-layer EDL formation [13]. The enhanced capacitance compared with raw SWCNT relates
to the increased surface charge density from oxygen atoms with more negative electronic affinity
[12]. According to the characteristics of the CV, it can be deduced that the contribution of
carboxyl and carbonyl groups to CNTs is in the pseudo-capacitance, which increases the
apparent capacitance [14,15]. It is clear that the polarization caused by a high scan rate leads to
the anodic peaks shifting toward high potential and the cathodic peaks moving toward negative
potential simultaneously [14]. However, when the scan rate was increased to 50 mV/s, the curves
were characterized by a non-rectangular shape that indicated resistance-like electrochemical
behavior. This leads to a continuous decrease in the capacitance of electrodes with increasing
scan rate.

Figure S7b presents the capacitances of various a-SWCNT-coated RVC electrodes as a
function of the scan rate. It is observed that increasing the amount of a-SWNT in the RVC
electrode led to a decrease in the specific capacitance of a-SWCNT. For example, the highest
specific capacitance was 267.24 F/g for 3.63 wt% a-SWCNT, and the lowest specific capacitance
was 139.65 F/g for 23.58 wt% a-SWCNT at a scan rate of 5 mV/s. It seems also that a-SWCNT-
coated RVC electrodes gave, in all electrodes, a high capacitance at a low scan rate, but its
capacitance markedly decreased at high scan rates. For instance, the specific capacitance of 3.63
wt% a-SWCNT coated on RVC was 267.24, 239.58, 207.40, 132.69, 84.77, and 51.15 F/g at 5, 10, 20,
50, 100, and 200 mV/s, respectively (Table S1). It is expected that the capacitive volume should
increase with increasing scan rates because it is found in all cases of carbon nanotubes [6,12—
14,16]. This characteristic has been attributed to the resistance of the electrolyte and the inner
resistance of ion diffusion with certain carbon micro-pores” surfaces being partially accessible to
electrolytes. This becomes significant under relatively high scan rates due to the differential
depletion of the electrolyte concentration [16-18]. It can be seen that the specific capacitance trend
of the 3.63 wt% electrode sharply decreases when the scan rate is above 20 mV/s. For other
electrodes, the specific capacitance decreasing trend is more pronounced when the scan rate is
increased above 50 mV/s. The specific capacitance values of all electrodes were calculated using
Equation (S5).

Figure S7c,d shows the cyclic voltammograms of a-SWCNT composite electrodes with
different loadings of a-SWCNT in terms of current per gram of a-SWCNT and current per
geometric volume of electrode, respectively. It is observed that increasing the amount of a-SWNT
in the RVC electrode led to a decrease in the current per gram of a-SWCNT (Figure S7c) but, in
contrast, led to an increase in the current per geometric volume of the electrode (Figure S7d).
Hence, the effect of the geometric volume of the electrode on the results will now be discussed.
The calculated capacitance per unit geometric volume of the porous electrode is presented in
Figure S7e and Table S1 as F/cm?. This is not the same as the per unit volume of the active
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material (i.e., SWCNT) alone. The capacitance of the electrode per geometric volume (F/cm?3) was
calculated using Equation (S6). Figure S7e shows that the capacitances of various a-SWCNT-
coated RVC electrodes increase with the increase in the amount of a-SWCNT in the geometric
volume. The specific capacitance, obtained at 20 mV/s, was 0.56, 1.02, 1.31, and 2.75 F/cm? for the
electrode that had 3.63, 12.50, 17.43, and 23.58 wt% a-SWCNT coated on the RVC electrodes,
respectively. This indicates that the surface area of a-SWCNT coated on the RVC electrode had
increased. In addition, the effect of the geometric area of the electrode on the results will now be
considered. The calculated capacitance per unit of geometric area of the porous electrode is
presented in Table S1 as F/cm2 The capacitance of the electrode per geometric area (F/cm?) was
calculated using Equation (57), which can be given as [6]:

Carea = Q/(ZAAV) (57)

where Carea is the capacitance of the electrode (F/cm?), Q is the charge (C), A is the geometric area
(cm?), and V is the voltage (V). The increase of the SWCNT loading level could increase the active
area resulting in higher specific capacitance. In Table 3, the capacitance obtained at 20 mV/s was
0.07,0.12, 0.16, and 0.33 F/cm? for the electrode that had 3.63, 12.50, 17.43, and 23.58 wt% a-
SWCNT coated on the RVC electrodes, respectively. This indicates that the surface area of a-
SWCNT coated on the RVC electrode had increased.

Cyclic voltammograms of 3.63 % wt of a-SWCNT in 1 M NaCl solution
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Figure S7. (a) Cyclic voltammograms of the 3.63 wt% a-SWCNT-coated RVC electrode and (b) specific
capacitance of various a-SWCNT-coated RVC electrodes at various scan rates in 1 M NaCl solution in
the voltage range between -0.2 and 1.0 V vs. Ag/AgCl using a three-electrode system. Cyclic
voltammograms of a-SWCNT-coated RVC electrodes at 20 mV/s, in terms of (c) current per gram of
a-SWCNT and (d) current per geometric volume of the electrode; and (e) capacitance of the electrodes
per gram of a-SWCNT and per geometric volume of the electrode.

Table S1. Specific capacitance of various a-SWCNT-coated RVC electrodes by F/g of a-SWCNT, F/area
of the electrode, and F/volume of the electrode, in 1 M NaCl solution at various scan rates.

Sample

3.63 wt% a-SWCNT-coated RVC

Scan rate (mV/s)

5 10 20 50 100 200

(F/g) 26724 23958 207.40 132.69 8478 51.15
Specific Capacitance (F/cm?)  0.09 0.08 0.07 0.03 0.03 0.02
(F/cm?)  0.72 0.64 0.56 036 023 0.14
Sample 12.50 wt% a-SWCNT-coated RVC
Scan rate (mV/s) 5 10 20 50 100 200
(F/g) 16520 150.33 13216 99.12 56.17 34.69
Specific Capacitance (F/cm?)  0.21 0.18 0.12 0.07 0.04 0.02
(F/em?)  1.76 1.46 1.02 055 031 0.17
Sample 17.43 wt% a-SWCNT-coated RVC
Scan rate (mV/s) 5 10 20 50 100 200
(F/g) 153.79 138.94 12520 100.77 61.07 41.23
Specific Capacitance (F/cm?)  0.29 0.23 0.16 0.08 0.04 0.02
(F/em?)  2.42 1.93 1.31 0.67 037 0.19
Sample 23.58 wt% a-SWCNT-coated RVC
Scan rate (mV/s) 5 10 20 50 100 200
(F/g) 139.65 13127 117.70 103.34 68.43 51.67
Specific Capacitance (F/cm?)  0.39 0.37 0.33 029 019 0.14

(F/cm?)

3.23 3.04 2.75 2.39 1.58 1.20




Nanomaterials 2018, 8, 527 11 of 13

$10. Calculation Enhancement Related to the Electrosorption Capacity in a New Cell Using
Flow Feed Through (FT) Electrodes Compared with Flow Between (FB) the Electrodes

For the 3.63% a-SWCNT/RVC electrode, the electrosorption capacity for one desalination
cycle is considered.

Thus:
Electrosorption capacity for the FT cell = 10.40 mg/g
Electrosorption capacity for the FB cell = 8.39 mg/g
Therefore:

(electrosorption using FT cell - electrosorption using FB cell)

Enhancement = ( ) x 100 (S8)

electrosorption using FB cell

- (M) x 100 = 23.96%.

8.39

S11. Weber and Morris Model for Intra-Particle Diffusion
The rate parameters for intra-particle diffusion (kid) at different initial concentrations are
determined using the following equation:

qr = Kig (t*°) (S9)
where Kid is the intraparticle diffusion rate constant, (mg/gmin®s). The plot g: versus t*5should
give a straight line.
S12. Pseudo-First-Order Equation

The equation for pseudo-first-order is:

1 - =1 _fat (510)
0g (9 — qe) =10g (qe)- 153

where g+ and g. are the amounts of NaCl adsorbed (mg/g) at time t and at equilibrium,
respectively, and K; is the rate constant of the pseudo-first-order adsorption process (min-).

S12. Pseudo-Second-Order Equation

The equation for pseudo-second-order can be written as:

t 1 1
LI S11
(@) ) i ((‘Ie)) t (511)

where & = K,q,%(mg g'min) can be regarded as the initial adsorption rate as +t—0 and K, is the
rate constant of pseudo-second-order adsorption (g mg-'min-). The plot of % vs. t should give a
t

straight line if pseudo-second-order kinetics are applicable and the g, K,, and h values can be
determined from the slope and intercept of the plot.
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S14. Langmuir and Freundlich Isotherm

Langmuir (Equation (S12)) and Freundlich isotherms (Equation (513)) are used to fit the
experimental data for electrosorption of Na* and CI! onto the electrode, respectively:

= dmK1LC (S12)
1+KC
q= KiC'/n (S13)

where C is the equilibrium concentration (mg/L), q is the amount of adsorbed NaCl in milligrams
per gram of a-SWCNT, gm is the maximum adsorption capacity corresponding to complete
monolayer coverage (mg/g). Kris the Langmuir constant related to binding energy, Kr is the
Freundlich constant related to the adsorption capacity of adsorbent, and 1/n is the indication of
the tendency of the adsorbate to be adsorbed. The value of 1/n is determined from the slope of
the plot. It allows understanding of the adsorption process. Generally, 1/n < 1. A variation in the
slope between 0 and 1 is associated with a chemisorption process, which is more heterogeneous
as the value gets closer to 0. At high pressure 1/n = 0, hence, the extent of adsorption becomes
independent of pressure. At 1/n = 1, a linear plot is observed. When a slope (1/n) above 1 is
observed, it is consistent with cooperative adsorption.
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