¢ Desalination and Water Treatment
www.deswater.com

0 doi:10.5004/dwt.2018.23168

135 (2018) 157-166
December

Highly efficient capacitive deionization electrodes from electro spun carbon
nanofiber membrane containing reduced graphene oxide and carbon nanotubes

Guoming Luo?*, Lixin Gao?, Daquan Zhang** Jianli Zhang®, Tong Lin®

“Shanghai Key Laboratory of Materials Protection and Advanced Materials in Electric Power, School of Environment and Chemical
Engineering, Shanghai University of Electric Power, Shanghai 200090, China, email: zhangdaquan@shiep.edu.cn (D. Zhang)
bShenhua Guohua (Beijing) Electric Power Research Institute Co., Ltd, Beijing 100025, China

“Institute for Frontier Materials, Deakin University, Geelong, VIC 3216, Australia

Received 26 March 2018; Accepted 20 September 2018

ABSTRACT

Carbon nanofibers containing reduced graphene oxide (RG) and carbon nanotubes (CNTs) were
prepared via electro spinning and carbonization. The addition of carbon nanotubes was found to
be embedded within the inner fibers and graphene sheets, which are beneficial to provide more
defects and mesopores. Without any binder, the tri-component nanofibers were directly used as CDI
electrodes, which showed a desalination capacity of 13.6 mg g™ in a 500 mg L™ NaCl solution with a
remarkable cyclic stability and 98% capacitance retention after 1000 cycles of charging-discharging.
The presence of reduced graphene oxide and carbon nanotubes was found to effectively improve
conductivity and electro sorption efficiency. Such a tri-component carbon nanofibrous sheet may be
useful for making high performance electrodes for various CDI applications.
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1. Introduction

The shortage of drinking water has been a global issue
due to environment contamination and population. In
recent years, many technologies have been used to solve
this problem, including multistage flash, electro-dialysis,
ion exchange and reverse osmosis technologies [1-5]. The
conventional desalination techniques, however, are often
confined with excessive energy consumption, secondary
pollution, low environmental friendliness and maintenance
difficulty [3,6,7]. Recently, capacitive deionization (CDI) has
emerged as a renewable, cost-effective desalination technol-
ogy, drawing more and more attention in both industrial
and scientific sectors [4].

CDI is based on a circulated capacitor where the pos-
itive and negative ions under an external direct voltage
(usually below 2.0 V) can be attracted within the electrical
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double layer (EDL) formed between the charged electrodes
and the salt solution. Similar to EDL capacitor, CDI is also
required the electrodes being porous with large surface area
and the desalination performance is strongly dependent
on the electro sorption ability and kinetics [8]. In addition,
energy storage electrode materials may very well be the
source of leading, next-generation water treatment systems
[5]. Various carbon materials such as activated carbon [10],
carbon aerogels [11,12], carbon nanofibers (CNFs) [13], car-
bon nanotubes (CNTs) [14,15], and graphene [16,17] have
been tested as super capacitor and CDI electrode materials.
However, a polymeric binder has to be used for most elec-
trode fabrication. Since the addition of binder reduces sur-
face area and blocks pores, binder-free and self-sustainable
electrode materials for CDI are highly desirable.

Recently, a few research groups reported the prepara-
tion of binder-free CDI carbon electrodes [18-21]. Yang et
al. [21] reported a sponge-templated graphene electrode for
potential applications in CDI. This binder-free carbon elec-
trode showed an electro sorptive capacity of 4.95 mg g='. Xu

1944-3994 / 1944-3986 © 2018 Desalination Publications. All rights reserved.



158 G. Luo et al. / Desalination and Water Treatment 135 (2018) 157-166

et al. [20] prepared a nitrogen-doped 3D graphene sponge
with an electro sorptive capacity of 21.0 mg g™ in 500 mg L™
NaCl solution.

Electro spinning is a simple but efficient technique to
prepare nanofibers [22-24]. Binder-free carbon nanofiber
sheets can be prepared by carbonization of electro spun
nanofiber mats. The electro spun carbon nanofibers can be
modified by adding the corresponding precursors into the
electro spinning solution. Liuet al. [25] prepared porous
carbon nanofibers by electro spinning polyacrylonitrile
(PAN) solution containing dimethyl sulfone (DMSO,) and
subsequent carbonization. The carbon nanofiber sheets
showed 4.5 times higher CDI electrical adsorption than
the CNFs prepared by the PAN solution without DMSO,,.
In general, the enhanced desalination capacities were
attributed to the special nanostructure and double-layer
properties of electrode materials [9]. In our previous work,
a unique Cross-linked network structure consisting of one
dimensional (i.e. nanofibers) and two-dimensional (i.e.
graphene) carbon nanomaterials was found to contribute
much to ion removal capacity [23]. It was reported that
when carbon nanotubes or graphene were incorporated
into electro spun carbon nanofibers in a similar manner,
the presence of these carbon nanomaterials considerably
improved the electric conductivity, mechanical properties
of the electro spun carbon nanofibers. However, carbon
nanofibers (CNFs) containing RG or carbon nanotubes
(CNTs) have been little reported for CDI application. Qiu
et al. [13] reported that carbon composite from reduced
graphene oxide (RGO) and electro spun carbon nanofi-
bers showed an electro sorption capacity of 7.2 mg g™ in
400 mg L NaCl aqueous solution.

Herein, we report the preparation of carbon nanofibers
containing reduced graphene oxide and carbon nanotubes
by electro spinning, followed by thermal treatment. The
addition of carbon nanotubes was found to be embedded
within the inner fibers and graphene sheets, which are ben-
eficial to provide more defects and pores for adsorption.
Without binder, such a tri-component carbon electrode
has an electro sorption capacity as high as 13.6 mg g™ in
500 mg L™ NaCl aqueous solution. Therefore, the tri-com-
ponent carbon electrode was demonstrated to meet CDI
requirements for brackish and sea water desalination.

2. Experimental
2.1. CNT purification

MWCNTs (25 mg) in a mixture of concentrated sul-
phuric and nitric acids (3:1 volume ratio) were heated at
reflux with for 3 h at 70°C. The mixture was diluted with
an abundant amount of water in a water bath to ensure the
temperature stayed below 70°C after cooling to room tem-
perature. They were filtrated and then dried in the vacuum
oven at 70°C overnight to obtain CNTs powders.

2.2. Preparation of RG/CNT/C nanofibers membrane

Polyacrylonitrile (PAN, M = 150000 g mol™, Aldrich,
99.8%) was dispersed in N, N-dimethylformamide (DMF,
Sinopharm Chemical Reagent Co., Ltd, China) to prepare 10

wt.% PAN solution. Experimental details of GO preparation
can be found in the Supplementary data. Then, the well dis-
persed GO (10 wt.% vs. PAN)and CNTs in DMF were added
into the PAN/DMEF solution. The solution was kept at 60°C
under continuous stirring for 8 h to yield a GO/CNT/PAN
suspension.

The GO/CNT/PAN solution was put into a 10 mL
syringe with a spinning steel needle. Then, electro spinning
was undertaken at a flow rate of 1.0 mL h™ and a high volt-
age of 19 kV. The electro spun fibers were collected on the
grounded aluminum foil, 15 cm away the syringe needle.
The fiber sheet collected was dried in a vacuum at 70°C for
8 hand stabilized at 280°C in air for 2 h with a heating rate
of 1°C min'. Afterward, the fiber membrane was further
heated to 800°C in a tube furnace for 2 h at a heating rate
of 5°C min™ under a continuously flowing N,, and then,
CO, was used to activate the nanofiber membrane for 1 h
to obtain RG/CNT/C tri-component nanofiber electrodes.
The weight ratio between PAN and GO was set at 10:1. The
as-fabricated RG/CNT/C composite membrane with the
CNT content varying at 5, 10, 15 wt.% vs GO. The prepared
nanofiber samples were denoted as RG/CNT-X/C, where X
stands for the weight percentage of CNTs in the nanofibers.
For comparison, pristine CNF membrane and RG/C nano-
fiber membrane were also prepared in the same condition.
The procedure for the carbon nanofiber preparation is illus-
trated in Fig. S1.

2.3. Characterization

The X-ray powder diffraction (XRD) measurements
were performed on Bruker D8 Advance XRD instrument
(Bruker, Cu Ko radiation). The SEM images of the sam-
ples were obtained using a high-resolution field-emission
scanning electron microscope (Philips XL 30FEG, accelera-
tion voltage of 30 kV). A transmission electron microscope
(TEM, Hitachi H-800) was further used for characterization
of the micro structure of the samples. The quality of carbon
samples was identified by using a laser confocal Raman
spectrometer (Nicolet NXR 9650 FT-Raman spectrometer,
632.8 nm). To measure the electrical resistance, the CNF
and RG/CNT-10/C films were measured by the four-wire
method (Keithley, 2000). Brunauer-Emmett-Teller (BET)
surface area and pore structural properties were evaluated
with N, adsorption at 77 K (Micro metrics, ASAP2460).
The samples were degassed at 200°C for about 12 h before
measurements. The cyclic voltammetry (CV) tests and elec-
trochemical impedance spectroscopy (EIS) measurements
were carried out on CHI 660D electrochemical workstation
(Shanghai Chenhua Instruments) in 1.0 M NaCl solution
with a three-electrode mode, including a saturated calo-
mel electrode (SCE) as reference and platinum foil as the
counter electrode. The specific capacitance (C, F g™) can be
obtained from the CV curves according to the following
equation [26]:

co v

T muAV @

where I(A) is the response current density, AV (V) is the
potential window, v (V s™) is the potential scan rate and m
(g) is the mass of the electrode material.
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2.4. Desalination test

NaCl concentration was obtained at room tempera-
ture according to a calibration curve of ion conductivity
(uS em™) and NaCl concentration (mg L) made prior to
the experiment (Fig. S2). Electro sorption experiments
were conducted. A single CDI cell (Fig. S3) was prepared
using the as-made electrodes (50 mm x 20 mm), as shown
in Fig. 1. The electrodes attached to titanium mesh were
used as the current collector which was connected to the
power supply and the Nylon mesh (~1 mm) was used as a
spacer in the assembly. The silicon gasket was used to seal
the cell. During the electro sorption process,batch mode
experiments were carried out in a continuously recycling
system. The solution was continually pumped into the CDI
cell with a constant rate of 25 mL min!, and the effluent was
returned to the sell by the peristaltic pump. The volume of
the solution was maintained at 50 ml. As the working volt-
age of 1.0-1.4 V was applied, the concentration change of
NaCl solution was monitored on line at 25°C by a conduc-
tivity meter. The electro sorptive capacity (Q, mg g™) was
calculated by the following equation [18]:

(CO—C,)V

iy @

Q=

(a)

where C,and C,(mg L) are the initial and final NaCl con-
centrations, V (L) is the total volume saline solution, and M
(g) is the total mass of the electrodes.

The charge efficiency (A) is computed from the follow-
ing equations [27,28]:

_I'xF
)X

where T is the electro sorption capacity (mol g™), F is the
Faraday constant (96485 C mol™), and ¥ is the total charge
transferred between the electrode (C g™).

A
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3. Results and discussion
3.1. Morphology and structure characterization

Fig. 1 shows the optical and FESEM images of RG/CNT-
10/C nanofiber (NF)web. The carbonized RG/CNT-10/C
shows a continuous monolithic surface with high structural
flexibility. The SEM image shows a cross linked fibrous
structure (Figs. 1b and S4). Fig. 1c shows that RG sheets
distributed among CNFs. The CNFs had a diameter in the
range of 150-250 nm. The magnified area in Fig. 1c indicated
that the graphene nanosheets and CNTs were closely jointed

Fig. 1. (a) Optical image of RG/CNT-10/C, (b) SEM images of CNF, (c) Low- and (d) High-magnification SEM images of RG/

CNT-10/C.
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to the CNF segments to form a three-dimensional (3D) net-
work structure (Fig. 1d). Due to the difference in thermal
shrinkage between CNTs and CNEF, novel defects and pores
were formed on the surface of the fibers (Fig. S5).

TEM images shown in Fig. 2 provide more informa-
tion about the internal of the RG/CNT-10/C. Fig. 2 show
that the CNTs (a diameter of about 30 nm) and RG were
firmly connected at the intersection parts of the carbon
nanofibers. Moreover, some of CNTs were twined with
RG sheet and fibers, and some of CNTs were embedded
within the inner fibers. This novel structure not only facil-
itates to decrease the aggregation of CNT bundle, but also
enhanced the transportation of electrons at the junction.
Some defects and pores formed by the introduction of
CNTs, which are beneficial to provide more adsorption
sites for salt ions.

The electrical resistance of the CNF and RG/CNT-10/C
samples was measured using a 4-probe method. RG/CNT-
10/C has an average conductivity of 45.3 Sm™, which is
higher than that of the CNF sample (3.6 Sm™). The higher
conductivity indicates that RG/CNT-10/C has higher elec-
tron transfer efficiency, which is attributed to the presence
of CNTs and RG in the structure.

The XRD patterns of as-made membranes are shown in
Fig. 3a. For the RG, a single diffraction peak appeared at
26.2°, corresponding to the graphitic (002) face, which indi-
cates successful exfoliation from graphitic [30]. The RG/
CNT-10/C showed a peak at around 26 = 27.1°. The peak
shift to the right indicates the enlarged distance between
graphite layers [13]. However, the peak (002) width was
much shorter, indicating that the RG is loosely stacked in
RG/CNT-10/C.

Fig. 3b shows Raman spectra of the CNFs, RG/CNFs,
and RG/CNT-10/C NFs in the region of 800-2200 cm™.
All of as-spun webs exhibit two prominent peaks at
around 1350 (D-band) and 1600 (G-band) cm™'. The
intensity ratio of D band to G band (ID/IG) indicates
graphitization degree [32]. For CNFs, RG/CNFs and
RG/CNT-10/CNFs, the ID/IG values were 1.33, 1.28 and
1.12, respectively. This indicates that the tri-component
nanofibers have higher degree of graphitic structure

Fig. 2. TEM micro graphs of RG/CNT-10/C after carbonization
at low and high (inserted picture) magnifications.

than CNFs. Moreover, the presence of RG and CNTs in
the carbon nanofibers is beneficial for the charge transfer
in the adsorption process. The N, adsorption/desorp-
tion isotherm in Fig. 3c depicts the RG/CNT-10/C NF,
RG/C NF and CNF hysteresis loop, which is the type-IV
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Fig. 3. (a) XRD patterns of RG and RG/CNT-10/C, (b) Raman
spectra of CNF, RG/CNF, andRG/CNT-10/C, (c) N, adsorp-
tion-desorption isotherms at 77 K.
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adsorption isotherm pattern with a hysteresis loop at a
relative pressure P/P > 0.5 [13,33]. It confirms that the
mesoporous structure is present in synthesized RG/
CNT-10/C samples. The specific surface area, mesopore
volume and average pore size of the synthesized CNF
and RG/CNT-10/C are summarized in Table 1. It can be
seen that the specific surface area of RG/CNT-10/C is
634 m? g'. Moreover, the mesopore volume (0.143 cm’g™")
of RG/CNT-10/C is much larger than that of CNF. The
average pore width of RG/CNT-10/C(2.05 nm) is bigger
than CNF (1.6 nm). Clearly, the as-synthesized RG/CNT-
10/C NF displays a highly porous structure.

Table 1
Textural characteristics of CNF and RG/CNT-10/C material
electrodes

Materials V . (cm’g™) Syp(m?g™) D, (nm)
CNF 0.058 509 1.6
RG/CNT-10/C 0.143 634 2.05
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3.2. Electrochemical characterization

Cyclic voltammetry (CV) analysis is a powerful tool
to examine the electrochemical performance of electrode
materials [30]. Fig. 4a shows the cyclic voltammetry (CV)
curves of CNFs, RG/C NFs, RG/CNT-5/C NFs, RG/CNT-
10/C NFs and RG/CNT-15/C NFs in a potential range of
-1.2t0 0.2 V (scan rate 5mV s7) in a three-electrode mode at
room temperature. The RG/CNT-10/C showed a symmet-
rical rectangular shape with the CV area larger than that of
CNFs, RG/C NFs, RG/CNT-5/C NFs and RG/CNT-15/C
NFs. Fig. 4b shows the CV profiles of RG/CNT-10/C elec-
trode at scan rates of 5-100 mV s. All the curves had no
obvious oxidation/reduction peaks, suggesting that the
electrode has an excellent capacitive behavior at different
scan rates [19]. Moreover, a symmetric rectangular shape
is still seen at a high scan rate of 50 mV s, indicating an
excellent double-layer capacitive performance. The specific
capacitance of the CNF, RG/C NF, and RG/CNT-10/C NF
samples gradually decreases with the increase in scan rate
(Fig. 4c). RG/CNT-10/C has a higher specific capacitance
than CNFs and RG/C NFs, indicating that the RG/CNT-
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Fig. 4. (a) CV curves of CNF, RG/CNEF, RG/CNT-5/C,RG/CNT-10/C and RG/CNT-15/C in 1 M NaCl solution at a sweep rate of 5 mV
s, (b) CV curves of RG/CNT-10/C at different scan rates in 1 M NaCl solution; (c) Comparison of the specific capacitance between
CNF, RG/CNF, and RG/CNT-10/C electrode at different scan rates; (d) CV curves for RG/CNT-10/C composite at 5 mV s scan rate

before and after 1000 cycles.
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10/C electrode can adsorb and desorb ions more quickly
and efficiently than the other electrodes.

The specific capacitance was calculated according to Eq.
(1). The calculated capacitance of RG/CNT-10/C electrode
was much higher than that of the CNFs and RG/C NFs.
Even at a high scan rate of 100 mV s, the specific capaci-
tance of CNF, RG/C NF and RG/CNT-10/C NF remains at
39.6%, 67.1% and 78.2%, respectively. Clearly, the addition
of GO and CNTs in the electro spinning solution assist to
improve the electrode electrochemical stability. After 1000
cycles of charging-discharging at the scan rate of 5 mV s7,
the RG/CNT-10/C electrode still had 98% of capacitance
retention (Fig. 4d).

Electrochemical impedance spectroscopy (EIS) was
used to examine the electrical properties of CNF, RG/C NF,
and RG/CNT-10/C NF electrodes. As shown in Fig. 5, the
Nyquist plots of each sample show similar shapes, which
comprised of a small quasi-semicircle in the high frequency
region and a linear segment in the low frequency region.
The high-frequency arc is derived from the double layer
capacitance (C,) in parallel with the charge transfer resis-
tance (R ) between the electrolyte and the electrodes [31,34].
The diameter of the semicircle for RG/CNT-10/C was
smaller than that of RG/C NFs and CNFs, implying that
the optimal ratio of CNT and RG will result in a much lower
charge transfer resistance, and thus improve the capacitive
performance.

3.3. Electro sorption performance

The CDI experiments were performed in a NaCl solu-
tion with an initial concentration of 100 mg L™. For compar-
ison, RG/CNT-5/C, RG/CNT-10/C, and RG/CNT-15/C
were tested in the same condition. Fig. 6a shows the electro
sorption process reaches a maximum value after approxi-
mately 35 min. The inset in Fig. 6a is the corresponding elec-
tro sorption capacity of CNF, RG/C NF, and RG/CNT-X/C
NF electrodes. The electro sorption capacity and charge effi-
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ciency of RG/CNT-10/C was calculated being 8.8 mg g™
and 0.78, which was much higher than those of RG/C NFs
(6.9 mg g™ and 0.66) and the others [35].

Adsorption kinetics was used to gain better understand-
ing of the CDI adsorption process. A pseudo-first-order
adsorption model was employed to fit adsorption kinetics
of RG/CNT-10/C and CNFs using the equation [34,36]:

kt

log(q. - q,) =logq. ———- @
where k (min™) is the adsorption rate constants, g (mg g™)
and g, (mg g™') are the NaCl adsorption capacities at equilib-
rium and time ¢ (min), respectively.

Fig. 6b shows the nonlinear fitting between the experi-
mental data and Eq. (4). The coefficients of the kinetic equa-
tion are summarized in Table 2. The regression coefficient R
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Fig. 6. (a) Variation of NaCl adsorption during electro sorption
process for CNF, RG/CNF, and RG/CNT-10/C electrodes in
NaCl solution with a feeding NaCl solution (100 mg L) at an
applied voltage of 1.2 V. Inset is the corresponding electro sorp-
tion capacity of CNF, RG/CNEF, and RG/CNT-X/C electrodes;
(b) Experimental data as well as the simulated line by adopting
the pseudo-first-order adsorption equation for RG/CNT-10/C
and CNF.
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for RG/CNT-10/C and CNFs is 0.989 and 0.996 (very close
to 1), which means that the adsorption equation is very suit-
able for the experimental data. Further, the rate constant for
RG/CNT-10/C was higher than that for CNFs, indicating
that the ions inside RG/CNT-10/C transport much faster
than that in CNFs. We believe that the addition of RG and
CNTs to CNFs significant enhances ion transport.

Fig. 7 shows the further investigation of the CDI per-
formance from the effects of different applied voltages and

Table 2
Coefficients of kinetic equation for RG/CNT-10/C and CNFs
Materials R? k
RG/CNT-10/C 0.989 0.468
CNF 0.996 0.362
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Fig. 7. CDI performance of the RG/CNT-10/C electrode: (a) the
variation of NaCl concentration along with time in a 100 mg L™
NaCl solution at different applied voltage. Inset in (a) shows
corresponding charge efficiency; (b) the adsorption curves in
different concentrations of NaCl solution at a voltage of 1.2 V.
Inset in (b) shows corresponding charge efficiency.

concentrations of NaCl solution. As shown in Fig. 7a, the
NaCl concentration decreases fast at the initial phase and
then slows down to a steady state. As expected, the NaCl
adsorption capacity increases significantly at a larger
applied voltage. However, the applied voltage of 1.4 V is
higher than the potential for the break-down of water, 1.24
V. Fig. 7b displays the NaCl adsorption capacity curves
of RG/CNT/C NF electrode at different initial concentra-
tions of NaCl solution. As can be seen in Fig. 7b, the elec-
tro sorption capacities are 8.8 mg g™ (C, = 100 mg L), 10.9
mg g (C, =300 mg L), and 13.6 mg g (C, = 500 mg L™).
Obviously, the NaCl adsorption capacity increases with the
increase of NaCl solution concentration. It can be seen that
the charge efficiency A increases with the increase of the
applied voltage or concentration, which is consistent to that
reported in the literature [28].

To examine the cyclic operation and regeneration per-
formance of RG/CNT/C NF electrode, continuous electro
sorption-desorption experiment in NaCl solution with an
initial conductivity of 200 uS cm™ was carried out at an
applied cell potential of 1.2 V, as shown in Fig. 8. A cycle
from electro sorption to regeneration needs about 80 min.
In addition, RG/CNT/C NF electrode can be regenerated
very well with no detectable degradation after over 20
cycles, confirming promising CDI performance.

In addition, we compared the electro sorption capacity
between our RG/CNT-10/C and the carbon electrode mate-
rials reported in the literatures (Table 3). Without binder,
such a tri-component carbon electrode has an electro sorp-
tion capacity as high as 8.8 mg g' in 100 mg L NaCl aque-
ous solution. The enhanced electro sorption capacity of the
RG/CNT-10/C electrodes was proposed to come from the
following reasons: (1) the mesopore structure formed by the
introduction of CNTs could provide more sites to accom-
modate the ions; (2) RG/CNT-10/C electrode exhibits
lower electrical resistance than RG/CNF, indicating that a
high-efficiency electron transfer; (3) the 3D porous network
structure composed of RG and CNTs jointed to the CNF
segments without binders can provide a better synergistic
effect.
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Fig. 8. Recycle electro sorption experiment for RG/CNT-10/C
electrode.
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Table 3
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Comparison of electro sorption capacity and charge efficiencies of various carbon electrodes

Materials Year Initial concentration ~ Cell potential ~ Electro sorption Charge Ref.
(mg L7 V) capacity (mg g™) efficiency
AC 2010 200 15 37 043 [37]
CNF 2012 81 16 4.6 - [38]
CNT/CNF 2015 400 1.2 6.4 0.25 [39]
rGO/CNF 2014 400 12 72 - [13]
CB/CNF 2012 90 1.6 9.13 - [29]
DMSO,/PCNF 2015 500 1.2 8.1 0.58 [25]
S-RGO/ACF 2016 100 1.2 9.2 0.85 [40]
bcCNF800 2015 200 1.2 6.72 0.69 [28]
PCNF 2016 100 1.2 6.51 0.33 [41]
RG/CNT/C - 100 1.2 8.8 0.78 Present work

4. Conclusions

We have proved a facile method to prepare a tri-com-
ponent binder free carbon sheets by electro spinning of
PAN precursor containing GO and CNTs and subsequent
carbonization. The as-fabricated carbon nanofiber sheets
can be used directly as CDI electrodes. We have success-
fully enhanced electron transfer due to the 3D network
structure formed by the introduction of CNTs and thermal
activation. Moreover, in a 500 mg L™ NaCl solution, the
electrodes showed a desalination capacity of 13.6 mg g™ at
1.2 V, which is higher than those of CNFs without GO and
CNTs. The present study proves the important role of the
introduction of GO and CNTs in the fabrication of meso-
pores and ion removal. It provides a basis for the choice
of deionization electrode materials and CDI application
potentials.
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Supplementary

GO preparation

3 g graphite powder, 3 g P,O, and 3 g K,S,0, were added
into 250 mL three necked flask, respectively, and then 50
ml of sulphuric acid was added to the powders and stirred
at 80°C for 5 h. As the mixture cooled to room tempera-
ture, it was slowly diluted with deionised (DI) water. The
pre-oxidized graphite powders were collected by filtration
and then subjected to oxidation by a modified Hummers’
method described as follows[1,2]. Firstly, 50 ml sulphuric
acid was added to the powders in the three necked flask.
After that, 15 g KMnO, powder was added gradually in
an ice batches during stirring. When the mixture became
dark-green, and then warmed it to 35°C with stirring for
2 h. After diluting with DI water, in the case of vigorous
mechanical stirring, 20 mL of 30% H,O, was added drop
wise. The color of the mixture turned to golden yellow and
bubbled. Finally, the supernatant was removed and washed
with aqueous HCl solution and DI water by centrifugation
and then the freeze-drying method was performed to dry
GO samples as brown fluffy solid.
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Fig. S1. Schematic illustration for the fabrication of the RG/
CNT/C tri-component composite membrane.
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Fig. S2. The calibration curve of ion conductivity and NaCl con-
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Fig. S5. TEM images of RG/CNT-10/C.
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