¢! Desalination and Water Treatment
www.deswater.com

o doi: 10.5004/dwt.2017.21185

90 (2017) 46-53
September

Three-dimensional hollow fiber type of carbon nanotube electrode

for enhanced ion adsorption capacity

Mi-Young Lee®, Heeyoung Kim? Jong-Oh KimP, Seoktae Kang*

“Department of Civil and Environmental Engineering, KAIST, Daejeon 34141, Korea, Tel. +82 42 350 3635; Fax: +82 42 350 3610;
emails: stkang@kaist.ac.kr (S. Kang), mylee89@kaist.ac.kr (M.-Y. Lee), hy449@kaist.ac.kr (H. Kim)
"Department of Civil and Environmental Engineering, Hanyang University, Seoul 04763, Korea, Tel. +82 2 2220 0325;

Fax: +82 2 2220 1945; email: jk120@hanyang.ac.kr

Received 27 March 2017; Accepted 7 July 2017

ABSTRACT

In this study, a hollow fiber type of carbon nanotube (HF-CNT) network was fabricated as an electrode
material for the improved ion removal in capacitive deionization (CDI). The Raman spectrum proved
that the HF-CNT electrode synthesized by wet spinning and subsequent calcination techniques was
composed of a porous CNT network. The Brunauer-Emmett-Teller surface area of the HF-CNT
was 55.6 m%/g, and specific capacitance was 23.8 F/g with excellent electrical stability in repeated
current-voltage cycling. Accordingly, the HF-CNT electrode showed considerable electrosorption
capacity of 58.2 mg/g (18.9 mg/cm®) in an NaCl concentration of 500 mg/L at 1.2 V. The excellent
electrochemical properties of the HF-CNT could be attributed to reduced resistance for ion transport
and adsorption by its unique structure. In this study, the three-dimensional HF-CNT was confirmed as
anew type of electrode in CDI, with excellent durability and high ion adsorption capacity.
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1. Introduction

Desalination technology has been used as a key strategy
for drinking water production to cope with the global water
shortage [1]. However, most commercialized technologies,
including reverse osmosis, involve intensive energy con-
sumption. Thus, cost- and energy-effective processes such
as membrane distillation, capacitive deionization (CDI), and
electrodialysis have been considered as future desalination
technologies [1,2]. Of them, CDI is regarded as an alternative
desalination technology, especially for low salt (<500 mg/L)
solutions [2]. CDI comprises of two electrodes, and is oper-
ated by ion adsorption and desorption in the electrical dou-
ble layer formed by applying voltage to electrodes. When
salted water is introduced, ions in the salt water are electri-
cally adsorbed on the electrode due to the applied voltage,
and desalted water can be produced.

* Corresponding author.

Since the performance of CDI is governed by electrode
materials, there have been intensive studies regarding new
electrode materials with preferred pore-size distribution
and high electrical capacitance [2-5]. Carbon-based materi-
als including activated carbon (AC) [5,6], mesoporous car-
bon [7,8], graphene [9,10], carbon nanotubes (CNTs) [3,7,11],
and composite electrodes [12] have been utilized as elec-
trodes because of their electrical conductivity, high surface
area, and porosity [2]. However, conventional materials
such as AC have struggled with their inherently low electri-
cal capacitance, relatively high ion transfer resistances, and
poor durability [3,10]. In particular, limited electrosorption
capacity has been reported owing to the electric double layer
overlapping effect by the high portion of micropores in their
pore structure [5,13]. CNTs can be a potential option for CDI
electrodes since it intrinsically has superior electrical capaci-
tance, with excellent mechanical and chemical stability [11].
Moreover, CNT electrodes, which comprise of mesopores
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and macropores due to their interconnected structures, are
beneficial for ion transport [3,14].

However, a major problem of CNTs as CDI electrodes is its
intensive energy and binding material consumption during the
preparation of CNTs as flat sheet types [3,4,11,15,16]. Current
applications of CNT electrodes are limited to being doped or
mixed with supporting materials. In addition, the hydropho-
bic nature of CNTs hinders the transport and adsorption of
ions in salty water, thus the hydrophilic modification of the
CNT structure is crucial for the novel application of CNTs
as CDI electrode material [17]. Treatment with strong acid is
widely used to reduce hydrophobicity of CNTs for enhanced
electrosorption capacity [7,14]. In addition, hydrophilic func-
tional groups such as sulfonic and amine groups can also be
grafted on the surface of pretreated CNTs for improved sur-
face wettability [17]. However, all of these efforts require addi-
tional processes, making the preparation of CNTs complex.

Wei et al. [18] successfully developed freestanding hollow
fiber type of CNTs (HF-CNTs) which is electrically conduc-
tive using a wet spinning technique. Wet spinning technology
is a modified fabrication method of electrospinning, in which
CNT solution is squeezed in the water through a spinneret
withoutelectrical assistance to synthesize fiber structure. After
removing the binding polymers, the HF-CNT maintained
the excellent electrical properties of CNTs, and exhibited
good wettability of water with structural advantages of the
three-dimensional hollow fiber over the two-dimensional
flat sheet types. Here, this HF-CNT was applied as electrode
material of CDI. Good electrical properties and considerable
electrosorption capacity of the HF-CNT electrode were
achieved by its structural advantages.

2. Experimental setup
2.1. Materials

Pristine multi-walled carbon nanotubes (MWCNTSs)
were obtained from Cheap Tubes Inc., USA (diameter
50 nm, length 10-20 um, COOH functionalized). The N,N-
dimethylformamide (DMF) and polyvinyl butyral (PVB)
resin (Butvar® B-74) were purchased from Sigma-Aldrich and
Eastman (USA), respectively.

2.2. Preparation of CDI electrodes

The HF-CNT electrode was prepared according to the
wet spinning method reported in previous work [18]. In brief,
MWCNTs was mixed with DMF, then PVB was added to the
solution (CNTs:DMF:PVB = 1.0:1.3:0.5, in weight). The solu-
tion was stirred for 24 h, and wet spinning was performed
with deionized (DI) water as bore solution and external coagu-
lation bath. The thermal treatment for a prepared hollow fiber
of CNT-PVB composite was then conducted at 350°C for 1 h
under Ar atmosphere to remove PVB in the hollow fiber tubes.

2.3. Characterization of HF-CNT

The cross-sectional morphology of the prepared HF-CNT
electrode was examined by field-emission scanning electron
microscopy (FE-SEM; SU5000, Hitachi, Japan). The specific
surface area (SSA) was measured by the Brunauer-Emmett—
Teller (BET) method with N, gas adsorption-desorption

isotherms (ASAP2020, Micromeritics, USA). The pore size and
distribution of the HF-CNT electrode was determined using
the Barrett-Joyner—-Halenda (BJH) model from the adsorption
isotherm. The crystallinity of the HF-CNT was characterized
by high resolution Raman spectrum (LabRAM HR Evolution
Visible_NIR, HORIBA, Japan), with excitation light of an
He-Ne laser (514 nm). The surface wettability of the HF-CNT
before and after calcination was studied by a contact angle
analyzer (Phoenix 300 Plus, SEO, Korea). A drop of solvent
was placed on the electrode surface, and three different sol-
vents (DI water, ethylene glycol, and hexadecane) were used
to calculate the surface energy (v,) of the electrodes by using
the extended Young-Dupré equation [19]:

(1+cos0)yf™ =2(J1™0" + frim, + i (1)

where O is the contact angle, y is the surface tension,
subscripts s and L indicate solid surface and liquid drop, and
superscripts + and — are electron-acceptor and electron-donor
contributions to the surface tension, and LW and AB refer
to Lifshitz—van der Waals interactions and Lewis acid-base
interactions, respectively.

2.4. Electrochemical characterization

Cyclic voltammetry (CV) of the HF-CNT electrode
was measured using an electrochemical workstation
(VSP-300, Bio-Logic Science Instruments, France) with a
typical three-electrode system at ambient temperature. The
HEF-CNT, a graphite rod, and a saturated calomel electrode
(SCE, +0.241 V vs. SHE) were used as the working, counter,
and reference electrode, respectively. The active length of
all electrodes was fixed at 1 cm during the electrochemical
test. The electrolyte was 1 M NaCl solution, and the sweep
potential range was adjusted from -0.2 to 0.6 V (vs. SCE).
The specific capacitance was calculated from the CV curve by
integrating the responsive current according to the following
equation [10]:

“i(E)dE
J.(E) @

whereiistheresponse current (A) at the frequency range, E, and
E, are cut-off potential (V), v is the potential scan rate (mV/s),
and m is the mass of the electrodes (g). For volume-based
calculation, effective volume (cm?) of the HF-CNT was used
instead of the mass, which is the subtraction of the inner
hollow volume from the total volume of the HF-CNT. During
the electrochemical impedance analysis measurement, an
electrochemical workstation (ZIVE SP1, WonATech, Korea)
was utilized, and a frequency ranging from 0.1 Hz to 1 MHz,
and an alternating current amplitude of 5 mV was applied.

2.5. Batch-mode CDI operation

The batch-mode experiments were conducted in a
custom-made CDI cell, where a stainless steel needle was
attached inside of each chamber as a current collector.
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The fabricated HF-CNT electrode was used as both anode
and cathode electrodes with an effective length of 2.1 cm.

Different concentration of sodium chloride (NaCl) was
tested from 25 to 500 mg/L, and the volume in the cell was at
3.1 mL. Accordingly, the correlation of conductivity (uS/cm)
and concentration (mg/L) was calibrated prior to experiment.
The applied voltage was 1.2 V, and all experiments were con-
ducted at room temperature. The mass and volume specific
ion removal capacities were calculated as follows:

(C,—-C)xV

mor o,

Ion removal capacity(mg/g or mg/ cm3) =

©)

effective

where C; and C, (mg/L) are the initial and final NaCl
concentrations, V' is the volume of the solution (L), m is the
mass of electrodes (g), and v is the effective volume of
HF-CNT (cm?®).

effective

3. Results and discussion
3.1. Physicochemical properties of HF-CNT

The HF-CNTs were successfully synthesized by the
wet spinning process. From the SEM images (Fig. 1(a)),
fabricated HF-CNT showed randomly entangled CNTs
structures, and formed porous structures both on the surface
and on the inside structure of the fiber, which is beneficial
for electrosorption [3]. The diameter of the HF-CNT was
around 930 um consisting of an inner hollow (~580 um) and
wall layer (~243 um). Raman spectroscopy was analyzed to
identify the surface structures and two characteristic peaks of
1,348 and 1,576 cm™ were presented in the HF-CNT (Fig. 1(b)).
The former is known as the D-band, associated with the
vibrations of carbon atoms in the defect graphite structure,
and the latter is the G-band, reflecting the structural inten-
sity of the sp*hybridized carbon atoms. The upshift of the
G-band for the HF-CNT from 1,563 cm™ for pristine CNTs
could be from the COOH-functional groups by pretreatment
[20]. The intensity ratio of the D-band to G-band (I./I ) value
of the HF-CNT increased from 0.60 to 0.65 after calcination.
This increased value of I /I, could represent the enhanced
pore density and a greater degree of wall graphitization, sug-
gesting improved structural quality of the HF-CNT by ther-
mal treatment [4,21]. In addition, it could be found that the
intensity of a peak associated with the PVB (1,114 cm™ for
ester groups) decreased after calcination. Then, spaces could
be posed by removal of the PVB, resulting in pores, which
are beneficial for the accumulation and transport of charges
during adsorption process [4]. Meanwhile, there barely
remained intensity in the peak of 1,114 cm™ after calcination.
The residual amount of the PVB in the calcined sample was
estimated to be 1.8% of the total mass by thermogravimetric
analysis, as shown in Fig. 1(c). Since a higher heating tem-
perature tends to result in the hydrophobic property of car-
bon materials, the HF-CNT was calcined at 350°C, which is
enough to remove PVB.

The BET results are shown in Fig. 2, and the surface
area and total pore volume of HF-CNT were 55.56 m*/g and
0.25 cm?/g, respectively. The pore size of the HF-CNT ranged
from 7 to 100 nm, with an average pore size of 43.45 nm by

BJH theorem, indicating the mesopore structures. This could
ensure a relatively higher mass-transfer compared with
conventional carbon-based electrodes [14], and allow the
hydrated salt ions to be easily transported through the pores,
leading to advantages for ion adsorption [11].

The contact angle of water droplets on the surface of fab-
ricated HF-CNT is illustrated in Fig. 3. The contact angle with
DI water decreased from 103.8° to 45.4°, and calculated surface
free energy (y,) improved from 27.74 to 45.77 m]/m? after the
calcination process, indicating increased surface wettability
(Table 1). The enhanced wettability of HF-CNT after thermal
treatment could be the consequence of the increased surface
roughness and pores as shown in Fig. 1. Park and Choi [22]
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Fig. 1. The physical characterization of the HF-CNT,

showing: (a) the SEM images, (b) Raman spectroscopy, and
(c) thermogravimetric analysis.
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Fig. 3. Surface contact angle analysis for HF-CNT electrodes:
(a) before and (b) after calcination.

Table 1
Contact angle with tested liquids and calculated surface free
energy of the HF-CNT

Liquid Contact angle (°)

Before calcination  After calcination
Water 103.8+8.9 454 +3.6
Ethylene glycol 85.5+1.7 15.8+1.8
Hexadecane 159 +0.8 12.9+0.9
Surface free energy 27.7 45.8

(Y, mJ/m?)

demonstrated that the hydrophilic surface is more favorable
for ions to access inner adsorption sites. Hence, the decrease
of contact angle after thermal treatment could be attributed to
the increased ion adsorption capacity during CDIL.

3.2. Electrochemical properties of HF-CNT

Theelectrochemical behavioroftheelectrode wasexamined
using a CV test. Fig. 4(a) exhibits the cyclic voltammograms of
the HF-CNT in 1 M NaCl solution with scan rates of 1, 20, 50,
80, and 100 mV/s. The CV curves represented a rectangular
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Fig. 4. The electrochemical characterization of HF-CNT
electrode showing: (a) CV curves of the HF-CNT in 1 M
NaCl solution with scan rates of 1, 20, 50, 80, and 100 mV/s,
(b) change of specific capacitance after 50 cycles at scan rate of
50 mV/s, and (c) the Nyquist plot of the CDI cell with 1 M NaCl
solution — inset is the Warburg semi-circle and corresponding
equivalent circuit.
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shape without electrochemical oxidation/reduction peak in
the entire potential range, ensuring that ions are adsorbed by
electrostatic attraction [10]. The calculated capacitance showed
only 27% reduction with increase of potential sweep, indicat-
ing stable mass transfer and ion adsorption capacity for the
HF-CNT owing to its well-distributed pore structures [10,23].
To identify the stability and regeneration of the HF-CNT, CV
profiles were repeated at a high scan rate (50 mV/s) up to
50 times. The result indicated excellent retention of specific
capacitance after 50 cycles of potential sweep, showing good
cyclic stability (Fig. 4(b)).

The analysis of electrochemical impedance was
illustrated as the Nyquist plot, and it was fitted to calculate
the resistances by an equivalent circuit, as shown in the
inset of Fig. 4(c). The fitting was qualified by chi-squared
parameter, which is the sum of the square of the differences
between measured and simulated data. The HF-CNT showed
one semi-circle at high frequency and a straight line at low
frequency in the Nyquist plot. The plot for the low frequency,
characteristic of semi-infinite diffusion (called Warburg
resistance, W), represented typical double layer capacitive
behavior with the 45° line angle [24,25]. The ohmic resistance
(R,) of the HF-CNT was relatively small (10.8 Q) compared
with the flat type of CNT electrodes (12-30 Q) [7]. The arc
corresponds to the resistances at the interfaces of the current
collector/active material as well as of the electrode/electrolyte
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(known as polarization resistance). The polarization
resistance (R,) for the HF-CNT, calculated by the diameter of
the semi-circle, was relatively high (89.4 Q). Previous studies
demonstrated that for carbon-based electrodes, poor contact
with a metal-based current collector resulted in the increase
of polarization resistance [26-28]. The relatively high
polarization resistance for the HF-CNT could be attributed
to the decrease of electrical conductivity between the stain-
less steel and the HF-CNT. Consequently, various current
collectors should be tested for the minimization of polariza-
tion resistance in the future research.

3.3. lon adsorption capacity

Fig. 5 shows the electrosorption capacity for the fabricated
HEF-CNT electrode. The initial conductivity for 100 mg/L of
NaCl dropped rapidly, which decelerated after 5 min and
reached a saturated value in 30 min as shown in Fig. 5(a). The
repeated ion adsorption capacity of the HF-CNT showed stable
performance during 10 cycles indicating good reproducibility
(Figs. 5(b) and (c)). Fig. 5(d) shows the ion adsorption capac-
ity of the HF-CNT at different salt concentrations from 25
to 500 mg/L. The HE-CNT exhibited gradual improvement
of ion removal capacities from 3.8 to 58.2 mg/g, for 25 and
500 mg/L, respectively. From our knowledge, this value is the
highest electrosorption capacity for carbon-based electrodes
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in different salt concentrations.
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including single carbon materials, composites, and hybrid
electrodes with applied voltage of 1.2 V [3-5,9,11,29-32]. It
could be due to both well-distributed pore structures and
excellent electrochemical properties of the HF-CNT, resulting
in reduced total resistance for ion adsorption [29]. Compared
with the references, the HF-CNT showed excellent desali-
nation performance even though its SSA was relatively low
(Fig. 6). It has been demonstrated that high SSA alone does not
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Fig. 6. Comparison of electrosorption capacity for carbon-based
electrodes along with the specific surface area at 1.2 V
(schematized data from Table 2).

guarantee ion adsorption capacity, since SSA is mainly deter-
mined by the portion of micropores through which ions strug-
gles to infiltrate for adsorption [3]. The SSA and salt removal
capacity of different electrodes are summarized in Table 2.

The high ion removal capacity with good cyclic stability
of the HF-CNT can be related with its unique hollow fiber
structure. Unlike synthetic methods for CNTs electrode as
flat types, HF-CNT is not influenced by pressurization, which
could lead to structural deformation and aggregation of CNTs
[9]. In addition, the decrease of electrical conductivity and
increase of resistance, which result from the presence of sup-
porting materials (e.g., polymer binders) can be eliminated
for the HF-CNT after calcination [26,31]. Accordingly, ion
accessibility, diffusion, and adsorption through pores are
facilitated with reduced resistance [32]. Even a limited
comparison can verify outstanding ion removal capacity for
the HF-CNT electrode.

4. Conclusion

Poor synthetic methodology for CNT electrodes offers
limited desalination performance as expected. In this paper,
an HF-CNT electrode was fabricated and applied to the CDI
process for the first time. It was identified by the Raman
analysis that there was no structural degradation of the
HEF-CNT synthesized by the wet spinning method as com-
pared with pristine CNTs. In addition, the HF-CNT indicated
well-distributed pore structures from macropores to micro-
pores, and showed good surface wettability. The specific

Ea:)li;epzarison of electrosorption capacity for different electrodes with applied voltage of 1.2 V
Electrode SSA (m*/g) Initial NaCl concentration Electrosorption Reference
(uS/cm) (mg/L) capacity (mg/g)
HF-CNT 55.6 - 250 45.7 This study
500 58.2
CNTs sponge 60-80 - 60 43 [11]
CNTs by EPD method 82 100 - 2.3 [4]
Pristine CNTs 444.2 50 - 0.9 [17]
CNTs-SO; functionalized 370.8 1.4
CNTs-NH," functionalized 207.8 1.4
CNTs/OMC 621 - 40 0.7 [7]
Graphene/CNTs sponge 498.2 - 500 18.7 [31]
Graphene 154.7 100 - 1.0 [9]
N-doped graphene 358.9 1.3
Carbon nanofiber/graphene 649 100 9.2 [10]
Activated carbon fiber 630 4.7
Mesoporous carbon 488 4,460 145 [8]
Activated carbon 964 234 7.6 [5]
Carbon xerogel 239.1 - 260 3.3 [32]
Carbon nanorods 864.1 - 500 15.1 [30]

EPD, electrophoretic deposition; OMC, ordered mesoporous carbon.
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capacitance of the HF-CNT electrode was 28.3 F/g, with
excellent cyclic stability during 50 cycles. Accordingly,
good reproducibility of performance was achieved, and ion
adsorption capacity for the HF-CNT was 58.2 mg/g with
500 mg/L NaCl at 1.2 V. This outstanding performance of the
HF-CNT electrode was obtained by its unique structure with
uniform distribution of pores, which facilitated transport and
adsorption of ions. Thus, the high potential of three-dimen-
sional HF-CNT as a new type of electrode was confirmed for
enhanced CDI performance.
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Fig. S1. Comparison of ion adsorption capacity with specific

Specific capacitance (F/g)

capacitance for carbon-based electrode.

Table S1

Specific capacitance and electrosorption capacity for carbon

based electrode

500

Electrode materials ~ Specific Electrosorption Reference
capacitance capacity
(F/g) (EC, mg/g)
Activated carbon 54.6 1.2 [1]
(AQ)
Graphene 58.5 9.9
Graphene + TiO, 16 142.6 15.1
wt%
AC 67 0.2 2]
AC +1GO 20 wt% 181 0.55
AC fiber 214 47 3]
rGO 10% + AC fiber 256 7.2
Graphene 206.01 0.96 [4]
N-doped graphene  253.06 1.29
Graphene + MnO, 292 5.01 [5]
Graphene + CNTs 203.48 18.7 [6]
sponge
Graphene 35.2 1.27 [7]
3D-grphene 58.4 1.97
CNTs 202 0.87 [8]
CNTs +rGO 10 wt% 311.1 0.88
rGO 59 3.94 [9]
rGO + TiO,20 wt% 443 16.4
Carbon nanorods 264.2 15.12 [10]
CNTs 17.8 7.86 [11]
Acid treated CNTs 55.8 14.82
Carbon xerogel 28.6 3.3 [12]
N-doped carbon 290.74 14.91 [13]
sphere
Ordered 22.3 12.8 [14]

mesoporous Si-CDC

rGO, reduced graphene oxide; CDC, carbide derived carbon.
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