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In this work, graphene/carbon nanotubes (CNTs)/activated carbon (AC) (GTAC) hybrids were designed and fabricated by
combing graphene, CNTs with AC into one new type of hybrid and applied as capacitive deionization (CDI) electrodes. The

morphology, structure and electrochemical performance of the GTAC were characterized by scanning electron microscopy,

nitrogen adsorption-desorption, cyclic voltammetry and electrochemical impedance spectroscopy. The results show that the
GTAC with 72 wt% CNTs, 8 wt% graphene and 20 wt% AC exhibits the best electrochemical performance among all the
samples. When used as CDI electrode, GTAC exhibits a higher electrosorption capacity of 2.30 mg g™ than those of optimized
graphene/AC (1.10 mg g"), graphene/CNTs (1.06 mg g™') and CNTs/AC (0.96 mg g™') in this work. The higher electrosorption
capacity of GTAC can be ascribed to the superiority of the “plane-to-line-to-point” (graphene-to-CNTs-to-AC) conducting

network. This result demonstrates that GTAC should be a promising candidate as CDI electrode.

1. Introduction

Capacitive deionization (CDI), also called electrosorption, is
an energy-effective, low-pressure, non-membrane purification
technology.'” It is an electrochemical process that operates by
adsorbing ions in the double layer formed at the electrodes by
the application of a potential difference.®'> Therefore, ion
adsorption capacity of a CDI electrode is directly related to its
surface area and bulk conductivity. Recent advances in CDI
electrode materials have been focus on development of carbon
materials with novel nanostructures. Nanostructured carbon
materials such as carbon aerogels (CAs),"*"!* activated carbon
(AC),'*"® carbon nanotubes (CNTs),'"' carbon nanofibers
(CNFs),**%* mesoporous carbon (MC),*?’ carbon sphere®
and graphene®'** have been reported to be widely studied and
explored in CDI. However, these single component carbon
materials suffer problems such as low electrosorption
capacity, poor wettability or poor mechanical stability, which
does harm their practical applications in CDI.

To address this vitally important problem, a hierarchical
nanostructure that comprises various types of carbons such as
graphene, AC and CNTs with different structural dimensions
and/or porous structures has been proved to greatly improve
CDI performance through the structure promoted synergistic
effects. For example, Shi et al. fabricated CNTs/AC
composite by ball milling method.*® Such composite
composed of zero-dimensional (0D) AC and one-dimensional
(1D) CNTs exhibited better CDI performance as compared to
pure CNTs or AC electrodes. In another work, Li et al.
fabricated graphene/AC composite by inserting 0D AC
between two-dimensional (2D) graphene sheets,”’ and the
obtained composite showed a higher electrosorption capacity
than that of pure AC materials, demonstrating that AC
particles could serve as “spacers” between graphene sheets to
form a “plane-to-point” (graphene-to-AC) conducting
network. Recently, 1D CNTs was used to combine with 2D
graphene to obtain a “palne-to-line” (graphene-to-CNTs)
sandwich structure.’® *° The hybrid composite showed a

higher electrosorption capacity than that of CNTs. In these
studies, efforts are made to integrate the advantages of two
kinds of carbon materials into one new type of three-
dimensional (3D) conducting network, including “line-to-
point”, “plane-to-point” and “plane-to-line”, to improve the
CDI performance. There is no denying the fact that the
electrosorption capacities of these hybrid materials have been
enhanced, due to the formation of 3D conducting network.
Although these hybrids show an enhanced performance as
compared with single component carbon, and further efforts
are still needed to seek a new hybrid material with a high
electrosorption capacity for practical applications of CDI.

In this work, graphene/CNTs/AC (GTAC) hybrids were
designed and fabricated by combing 2D graphene, 1D CNTs
with 0D AC into one new type of hybrid. This hierarchical
nanostructure is composed of a “plane-to-line-to-point”
(graphene-to-CNTs-to-AC) conducting network. The CDI
performance of GTAC-based electrodes further
investigated and compared with graphene/AC, graphene/CNTs
and CNTs/AC based electrodes. The results indicate that due
to the synergistic effects of graphene, CNTs and AC, GTAC
with 72 wt% CNTs, 8 wt% graphene and 20 wt% AC exhibits
the best electrochemical performance among all the samples.
2. Experimental

was

2.1 Preparation of samples

Graphene oxide (GO) was prepared according to the method
reported in literature.** CNTs purchased from Nanotech Port
Co. Ltd. (Shenzhen, China) and AC was immersed in 1 M
nitric acid for at least 4.5 hours.

Preparation of graphene/AC. Typically, a certain amount of
GO solution was put into 200 ml oxidized AC solution under
stirring for 8 hours. The mixture was placed in a chemical
bath at a temperature of 35 °C, and then hydrazine was
carefully dropped into the solution until the pH value reached
7. Meanwhile, the color of the solution changed from light
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yellow to black, indicating that the reduction was complete.
Finally, the mixture was left overnight and then filtered. The
final product was dried in a vacuum oven at 60 °C. The ratio
of GO and AC was changed. After a series of tests (see Fig.
la), the optimized weight ratio of GO and AC is 1:9.

Preparation of graphene/CNTs. The preparation process of
graphene/CNTs is similar to that of graphene/AC. After a
series of tests (see Fig. 1b), the optimized weight ratio of GO
and CNTs is 1:9.

Preparation of CNTs/AC. The preparation process of
CNTs/AC is similar to that of graphene/AC. After a series of
tests (see Fig. 1c), the optimized weight ratio of CNTs and AC
is 1:9.

Preparation of GTAC. GTAC was prepared by using
optimized GO/CNTs mixed solution and AC solution as
precursors. The preparation process is similar to that of
graphene/AC. By changing the content of AC, a set of GTAC
samples were obtained. The as-prepared GTAC samples with
10, 20 and 30 wt% AC were named GTAC-10, GTAC-20 and
GTAC-30, respectively.

2.2 Characterization

The surface morphology and structure of the samples were
examined by field emission scanning electron microscopy
(FESEM, HATICH S4800) and JEOL-2010 high-resolution
transmission electron microscope (HRTEM). Nitrogen
adsorption-desorption isotherms were measured at 77 K with
an ASAP 2020 Accelerated Surface Area and Porosimetry
System (Micrometitics, Norcross, GA). X-ray photoelectron
spectroscopy (XPS) measurements were performed on an
Imaging Photoelectron Spectrometer (Axis Ultra, Kratos
Analytical Ltd.) with a monochromatic Al Ka X-ray source.
The potential sweep cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) measurements
were carried out in 1 M NaCl solution by using Autolab
PGSTAT 302N electrochemical workstation in a three-
electrode mode, including a standard calomel electrode as
reference electrode and a platinum foil as counter electrode.
In the EIS measurement, a frequency range of 0.1 Hz to 100
kHz and an AC amplitude of S mV were applied. The specific
capacitance can be obtained from CV curves using the
following equation:

C=1i/(vxm) (1)

where i is the average current (A), v is the scan rate (V s™')
and m is the mass of electrodes (g).

2.3 Electrosorption experiments

The electrodes were prepared by mixing 80 wt% of
samples, 10 wt% of acetylene black, and 10 wt% of polyvinyl
alcohol slurry. The mixtures were pressed onto graphite
papers and dried in vacuum oven at 60 °C overnight.

The CDI experiments were investigated by batch-mode
electrosorption experiments with a continuously recycling
system. In each experiment, the analytical NaCl was
employed as the target solution with a volume of 50 mL and
the flow rate was 27 mL/min. A direct voltage of 1.2 V was
applied. The initial conductivity of NaCl solution was ~100

uS cm™', and the atmosphere temperature was kept at 298 K.
The relationship between conductivity and concentration was
obtained according to a calibration table made prior to the
experiment.*’ The concentration variation was continuously
o monitored and measured at the outlet of the unit cell by using
an ion conductivity meter.
In our experiment, the electrosorption capacity (I, mg g)
was defined as follows:

. (Co—cCe)xV o

m

os where Cj is initial NaCl concentration (mg L"), C, is the final
NaCl concentration (mg L™), ¥ is the volume of NaCl solution
(L) and m is the mass of electrodes (g).
Charge efficiency (4)*** is a functional tool to gain insight
into the double layer formed at the interface between the
7 electrode and solution, as calculated according to the
following equation:

I'xF
A=
z

3)

where F is the Faraday constant (96485 C mol '), I" is the

electrosorption capacity (mol g ') and X (charge, C g') is
75 obtained by integrating the corresponding current.

3. Results and discussion

3.1 Ratio optimization of graphene/AC, graphene/CNTs
and CNTs/AC
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80 Fig. 1 (a, c, e) The electrosorption capacities of (a) graphene/AC, (c)

graphene/CNTs and (¢) CNTs/AC hybrids. (b, d, f) The SEM images
of (b) graphene/AC, (d) graphene/CNTs and (f) CNTs/AC hybrids

with an optimized weight ratio. (Scale bar : 2 pm). All CDI tests are

Electrosorption capacity (mg g") Electrosorption capacity (mg g") Electrosorption capacity (mg g")

conducted in NaCl solution with a volume of 50 mL and an initial
85 conductivity of ~100 pS cm™. The applied voltage is 1.2 V.
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Fig. 1(a) shows the electrosorption capacities of
graphene/AC-based CDI electrodes obtained from the
optimizing tests. Clearly, when the weight ratio of GO and
AC is 1:9, the corresponding CDI performance is the best,
indicating that the optimized weight ratio of GO and AC in
graphene/AC is 1:9. Furthermore, the corresponding SEM
image is shown in Fig. 1(b). Graphene displays a transparent
and layered structure, and serves as a bridge between AC
particles.

Fig. 1(c) shows the electrosorption capacities of
graphene/CNTs-based CDI electrodes obtained from the
optimizing tests. Clearly, when the weight ratio of GO and
CNTs is 1:9, the corresponding CDI performance is the best,
indicating that the optimized weight ratio of GO and CNTs in
graphene/CNTs is 1:9. Furthermore, the corresponding SEM
image is shown in Fig. 1(d). It can be seen that CNTs and
graphene are relatively uniformly dispersed, and form a
“plane-to-line” (graphene-to-CNTs) porous structure.

Fig. 1(e) shows the electrosorption capacities of CNTs/AC-
based CDI electrodes obtained from the optimizing tests.
Clearly, when the weight ratio of CNTs and AC is 1:9, the
corresponding CDI performance is the best, indicating that the
optimized weight ratio of CNTs and AC in CNTs/AC is 1:9.
Furthermore, the corresponding SEM image is shown in Fig.
1(f). It can be seen that CNTs exist between AC particles,
which can help bridge between the adjacent AC particles, thus
improving the electrical conductivity of the hybrid.

3.2 Characterization

1 A i
84800 3.0kV 9.2mm x10.0k SE(M,LA0)

graphene sheets Jedl 2
N CNTs

Fig. 2 SEM image (a) and TEM image (b) GTAC-20. Inset of (a) is the
contact angle image.

Fig. 2 describes the morphology and structure of GTAC-20.
As shown in SEM image (Fig. 2(a)), the GTAC shows a
hierarchical porous structure with AC particles inserting
;s between CNTs and graphene, which will decrease the
aggregation of graphene and help improve the surface area of
the composite as well as provides many more available spaces
to accommodate ions during electrosorption. On the other
hand, with AC employed into the composite, the GTAC forms
(graphene-to-CNTs-to-AC)
conducting network, which can facilitate rapid transport of the
electrolyte ions within the electrode materials and thus
improve the electrosorption capacity of GTAC. The contact
angel of such hybrid is 65 ° (Inset of Fig. 2(a), indicating that
GTAC-20 should have a good wettability. Furthermore, the
corresponding TEM image of GTAC-20 is shown in Fig. 2(b).
Obviously, both graphene and CNTs are relatively uniformly
dispersed around AC particles, thus constituting the novel
“plane-to-line-to-point” (graphene-to-CNTs-to-AC)
so conducting network.
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Fig. 3 Nitrogen adsorption—desorption isotherms of graphene/CNTs,
GTAC-10, GTAC-20 and GTAC-30.

Table 1 Textural property of samples.

Sample Atotal l(mz Vt}ota] . argicml amicro/ Aotal Poreave

g) (m’g) (m'g) (nm)

graphehe/CNTs 15126 0.34 — - 9.08
GTAC-10 28734 103  167.13  0.58 14.40
GTAC-20 42656 119 16604  0.39 11.39
GTAC-30 52094 098 28347  0.54 7.50

The specific surface area is characterized by N, adsorption—
desorption isotherms. Fig. 3 displays the N, adsorption—
desorption isotherms of graphene/CNTs and GTAC. Both
graphene/CNTs and GTAC show a typical type IV hysteresis

o loop as defined by IUPAC, which is characteristic of
mesoporous materials.>> ** The hysteresis loop which appears
at lower relative pressure (0.4-0.8) indicates the presence of
mesopores and at higher relative pressure (0.8-1.0) is
attributed to macropores.* The specific surface areas, pore

s volumes and mean pore diameters of all samples are shown in
Table 1. It can be seen that all GTAC samples show a higher
specific surface area and larger pore volume than
graphene/CNTs. Moreover, with the increase in AC content,

This journal is © The Royal Society of Chemistry [year]
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the specific surface area of GTAC increases. This
phenomenon can be ascribed as follows: 1) with the
introduction of AC, the aggregation of graphene or CNTs can
be further alleviated, and thus more pores can be generated,
s which help improve the surface area and pore volume of
GTAC; 2) with the further increase in AC content, the surface
area of GTAC-30 increases due to the increase of high-
surface-area AC. Conversely, the pore volume of GTAC-30
decreases due to the low pore volume of AC. In addition,
10 GTAC-20 exhibits the lowest a,,;c0/8101a ratio (0.39) among all
GTAC samples, indicating the highest mesoporous ratio of
GTAC-20. The higher mesoporous ratio in porous carbon will
lead in a higher electrosorption capacity.*® Therefore, GTAC-
20 is expected to possess the highest electrosorption capacity
1s among all samples.

C1s
O1s

N GTAC-30
5
s GTAC-20
= B PV —
7]
c
£ GTAC-10
< v 1 f—

i graphene/CNTs

T T T T ¥ T T T % T s T
-200 0 200 400 600 800 1000 1200 1400

Binding energy (ev)
Fig. 4 XPS spectra of graphene/CNTs and GTACs.

The oxygen contents of graphene/CNTs and GTACs are

2 tested by XPS spectra, as shown in Fig. 4. Clearly, all samples

show only the presence of Cls and Ols peaks at about 284

and 533 eV with low contents of oxygen element (7.1-9.4

at.%), indicating that GO in these samples has been reduced to
graphene effectively after annealing.

25 3.3 Electrochemical analysis

Fig. 5(a) shows the CV curves of graphene/CNTs and
GTACs electrodes at a scan rate of 5 mV s in 1 M NaCl
solution. It is found that no significant Faradaic reaction is
observed for any electrode, illustrating that ions are adsorbed

30 on the electrode surface by forming an electric double layer
due to Coulombic interaction rather than electrochemical
reaction.*’ The specific capacitances of GTAC-10, GTAC-20
and GTAC-30 are 64 F g' 935 F g' and 765 F g,
respectively, which are all higher than that of GS/CNTs (56 F

55 g"). Furthermore, GTAC-20 shows the highest specific

capacitance, indicating the GTAC-20 should be a promising
candidate as CDI electrode materials. These results should be
attributed to the following reasons: i) the introduction of AC
should be beneficial for increasing specific surface area and
pore volume, and impoving “plane-to-line-to-point”

(graphene-to-CNTs-to-AC) conducting network of the GTAC,

and thus help to improve the capacitance of GTAC; ii) besides

4

S

the specific surface area and pore volume, mesoporous ratio in
porous carbon also plays an important role in determining the

ss electrosorption capacity.*® Therefore, although the total
specific surface area of the GTAC-20 is not the largest, due to
the highest mesoporous ratio of GTAC-20, it shows the
highest specific capacitance. Fig. 5(b) displays the specific
capacitances of graphene/CNTs and GTACs electrodes at

so different scan rates. Obviously, the GTAC-20 has the highest
specific capacitance at all scan rates, suggesting that there is
an intimate contact between the electrolyte and the active
material. Thus, the GTAC-20 was selected as electrode
material for CDI experiment.

a—
b T
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Fig. 5 CV curves of the graphene/CNTs and GTACs electrodes at a scan
rate of 5 mV s (a) and the specific capacitances of the electrodes vs. scan
rates (b). All the profiles were obtained in a 1 M NaCl aqueous solution.

EIS analysis has been recognized as one of the principal

s methods to examine the electrical conductivity of a carbon
electrode. The Nyquist profiles of the GTAC-20 and
GS/CNTs electrodes in a 1 M NaCl aqueous solution are
presented in Fig. 6. It can be obviously seen that the plots
display similar shapes, consisting of a linear trait at the low
s frequency region and a small quasi-semicircle at the high
frequency one. The small quasi-semicircle at the high-
frequency region is derived from the double layer capacitance
(Cq) in parallel with the charge transfer resistance (R.,).** The
R, can be obtained from the diameter of the semicircle. The
70 value for GTAC-20 is around 0.78 Q, much lower than that of
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graphene/CNTs (1.1 Q), indicating that GTAC-20 should have
a lower charge-transfer resistance and a superb conductivity.

25 - o = GTAC-20
e graphene/CNTs
20+ o ,
. L]
E 15 ° 34 .
= g
= ¢ g, .
N 10 - 2 .
- N .
1 .
54 [
§ . ’;h‘.'-'-..' & & ot
1 1 2 3 4
j Z'(ohm)
0 I T T T ¥ T T ¥ T T X
0 5 10 15 20 25 30 35 40
Z' (ohm)

Fig. 6 Nyquist plots of the GTAC-20 and graphene/CNTs. Inset shows
the expanded high-frequency region of the plots.

3.4 CDI tests
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Fig. 7 The typical conductivity for GTAC-20 electrodes over 40 minutes
in NaCl solution with an initial conductivity of ~100 uS cm™ at an
applied voltage of 1.2 V. Inset is corresponding current transient.

To determine the electrosorption performance of GTAC-20
electrodes, batch mode CDI experiment was carried out in
NaCl solution with an initial conductivity of ~100 uS cm™ at
an applied potential of 1.2 V. The current variation was
recorded and independently each
experiment. Clearly, once the electric field was applied, the
adsorption amount increased sharply. Then, the change
became gradually lower until equilibrium was reached. As
calculated, the electrosorption capacity and charge efficiency
of GTAC-20 is 2.30 mg g and 0.53, respectively. Notably,
the value of 2.30 mg g™' for GTAC-20-based CDI electrodes is
much higher than those for the optimized graphene/AC (1.10
mg g''), graphene/CNTs (1.06 mg g') and CNTs/AC (0.96 mg
g’') in this work. Moreover, this value is also higher than
those of graphene-based electrodes reported in the literatures
(0.27-2.0 mg g").* 3" 3% The higher electrosorption
capacity of GTAC-20 can be ascribed to the novel “plane-to-

simultaneously at

35

45

line-to-point” (graphene-to-CNTs-to-AC) conducting network
in GTAC-20.
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Fig. 8 The typical conductivity for GTAC-20 electrodes in NaCl
solution with an initial conductivity of ~1000 uS cm™ at an applied
voltage of 1.2 V.

In order to get a better understanding of the superiority of
the novel “plane-to-line-to-point” conducting network in
GTAC-20. The electrosorption experiments using GTAC-
based CDI electrodes were performed in NaCl solution with
an initial conductivity of ~1000 uS cm™ at an applied voltage

40 of 1.2 V (Fig. 8). The electrosorption capacity of GTAC-20 is

calculated to be 10.94 mg g, which is amongst the highest
values reported so far for porous carbon. ! 40 43 48.49
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Fig. 9 Recycle electrosorption experiment for the GTAC-20 electrode.

To investigate the recycle of electrosorption process of the
GTAC-20, repeating charge-discharge experiment using
GTAC-20 electrode was carried out. The initial solution
conductivity is 100 uS cm™'. When the conductivity gets back
to the initial value in the first discharge process the second

so charge process starts. Fig. 9 shows the conductivity transient

over 10 charge-discharge cycles. Obviously, the repeatability
of electrosorption process can be realized in this unit cell. In
the practical experiment, electrosorption capacity declination
has not been observed in this unit cell after over 30 charge-

ss discharge experiments.
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4. Conclusions

In this work, GTAC composites were prepared via a facile
chemical approach, and investigated as CDI electrode for the
first time. The results show that (i) the GTAC-20 has the
highest specific capacitance among these GTAC composites;
(i) the GTAC-20 shows a higher electrosorption capacity of
2.30 mg g at an applied potential of 1.2 V than those of
optimized graphene/AC (1.10 mg g™'), graphene/CNTs (1.06
mg g') and CNTs/AC (0.96 mg g™') in this work; (iii) the
enhanced electrosorption performance of the GTAC-20 is
ascribed to the novel “plane-to-line-to-point” (graphene-to-
CNTs-to-AC) conducting network in GTAC-20; (iv) the
GTAC-20 should be a promising candidate as electrode
material for CDI.
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Novel three-component graphene/carbon nanotubes (CNTs)/activated carbon (AC)
(GTAC) hybrids were prepared via a facile chemical approach, and investigated as
capacitive deionization (CDI) electrode for the first time. As-prepared GTAC-20
hybrid exhibits a high elcetrosorption capacity of 2.30 mg g and good repeatability,
this value of 2.30 mg g outperforms graphene/CNTs, graphene/AC and CNTs/AC
based electrodes reported recently.
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