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antimony doped tin oxide–
graphene nanocomposite for highly effective
capacitive deionization of saline water†

Long Ren,a Bin Xu,b Guodong Wang,a Xiaoshuang Yin,a Ying Liu,a

Wenzhong Yang *a and Yun Chen *a

In this study, antimony doped tin oxide loaded reduced graphene oxide (ATO–RGO) nanocomposites were

synthesized via a facile hydrothermal approach. As a typical N-type semiconductor, the ATO in the

composite can enhance the conductivity between graphene sheets, thus improving the specific

capacitance and electrosorption performance. Under the optimal conditions, the largest surface area

was 445.2 m2 g�1 when the mass content of ATO in the nanocomposite was 20 wt%. The synthesized

optimal ATO–RGO electrode displayed excellent specific capacity (158.2 F g�1) and outstanding

electrosorptive capacity (8.63 mg g�1) in sodium chloride solution, which were much higher than the

corresponding results of pristine graphene (74.3 F g�1 and 3.98 mg g�1). At the same applied voltage,

electrosorption capacity and charge efficiency of the ATO–RGO (20 wt%) material were better than

those of reported carbon materials in recent years.
Introduction

Capacitive deionization (CDI), an electro-sorption technology,
has been developed as a promising method for removing salt
ions due to its low energy consumption, high removal efficiency
and small environmental impact.1,2 The mechanism of CDI is
similar to that of energy storage in supercapacitors. It adsorbs
salt ions through electrical double layers (EDLs) by electrostatic
force formed from the oppositely charged electrodes.3,4 To
enhance the performance of desalination, the electrodes of
a CDI unit are usually made of porous materials which possess
large surface area and excellent electrical conductivity.5

In recent years, various carbon materials possessing
extended surface area and reasonable porous structure have
been investigated as CDI electrodes, since porous carbon
materials can provide plenty of channels to accommodate ions.6

Especially, activated carbon,7,8 carbon nanotubes,9,10 meso-
porous carbon,11,12 carbon aerogel13,14 and their composites
represent the most attractive CDI electrode materials.15 Besides
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the aforementioned carbon materials, graphene, a two dimen-
sional sheet with sp2-hybridized carbon material, is also widely
considered in this eld.16–18 Furthermore, graphene sheets can
be easily self-assembled into 3D networks which could not only
offer a large number of accessible open pores to salt ions in
solution, but also act as the template for the growth of func-
tionalized nanoparticles.19–21 However, because of the van der
Waals forces between the pristine graphene sheets, the aggre-
gation of graphene is irreversible during the reduction process,
which leads to a frail pore structure and the low specic surface
area.22 As a result, it would bring down the desalination
performance of CDI electrodes.7 To alleviate this problem,
incorporating nanoparticles or composites with good distribu-
tion into graphene sheets is widely applied to prevent graphene
sheets from agglomeration.23,24 In the past few years, the
researchers have found that the incorporation of metal oxides
could signicantly improve the electro-sorption capacity of
graphene-based electrode materials.25 Several metal oxides have
been successfully investigated such as MnO2,26 Fe3O4,27 TiO2

(ref. 28) and SnO2,29 and the electrodes made of these composite
materials have shown the superior electro-sorption capacity
than that of pristine graphene.30

Although the incorporation of metal oxides can prevent
graphene sheets from aggregation, metal oxides have their own
limitations.31 The main defect is that the incorporation of metal
oxides would hamper the conductivity of the composite mate-
rials.2 Compared to the pure metal oxide, doping metal oxides
could make up for the defect to a certain extent like N-type or P-
type semiconductor.29,32 Among them, N-type semiconductor
can improve the ion removal rate by changing zeta potential on
This journal is © The Royal Society of Chemistry 2020
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the surface of electrode,33 which attracts the attention of
researchers. Antimony-doped tin oxide (ATO), an N-type semi-
conductor, is an important member of transparent conductive
oxides.34,35 It has good chemical, mechanical and environ-
mental stabilities, especially the electron storage capacity and
conductivity.36–38

Herein, to the best of our knowledge, ATO nanoparticles was
rstly successfully incorporated into reduced graphene oxide
(RGO) via a facile hydrothermal method and fabricated as
electrodes for CDI unit. The intercalation of ATO nanoparticles
can not only increase the layer spacing among graphene sheets,
which plays a vital role to enlarge the contact area between
graphene sheets and salt ions, but also promote the electron
transfer rate among graphene sheets, as ATO is a N-type semi-
conductor in which Sb5+ replaced the location of Sn4+ in the tin
oxide lattice to increase the quantity of electron and elevate the
conductivity. Various ATO–RGO nanoparticles were fabricated
by adjusting the loading amount of metal chloride, and their
electrochemical properties were investigated to gure out the
optimal ratio between ATO and RGO. It was found that the
electrochemical properties reach to the maximum value when
the weight percentage of ATO was 20% in ATO–RGO, and the
electro-sorption capacity was twice as high as that of RGO.
Experimental section
Synthesis of ATO–RGO composite

ATO–RGO was synthesized by hydrothermal method as follows:
rstly, 0.1 g graphene oxide (GO) powder, which was prepared
as shown in ESI,† was dissolved in 100 mL ethanol and soni-
cated for 3 h. Specic amount of SnCl2$2H2O and SbCl3 were
dissolved in ethanol to form 15 mg mL�1 and 1.5 mg mL�1

solution, respectively. Next, SnCl2 solution was added into GO
solution and then a slight amount of NH3$H2O was added. Aer
this, SbCl3 solution was supplemented into the above-
mentioned solution. A series volume of SnCl2 and SbCl3 with
the same ratio (1 : 1) were added into the GO solution to prepare
the products occupied with various weight percentages of ATO.
The solutions were sonicated for 30 min. Then, the solutions
were transformed into the autoclaves and treated by a hydro-
thermal process at 180 �C for 12 h. Aer cooling down to the
room temperature, the ATO–RGO hydrogel was washed with DI
water for several times, then the nal product was treated by
freeze-drying.
Electrochemical properties

Traditional three electrode system was used in this study, glass
carbon electrode, platinum wire electrode and saturated
calomel electrode (SCE) were acted as working electrode,
counter electrode and reference electrode, respectively. Elec-
trochemical Impedance Spectroscopy (EIS), cyclic voltammetry
(CV) measurements and galvanostatic charge–discharge (GC)
measurements were carried out in 1 M NaCl electrolyte solu-
tions. To test the specic capacitance, the sweep potential range
of CV and GC was adjusted from �0.4 to 0.6 V. The specic
capacity was calculated by the equations in the ref. 10 and 26.
This journal is © The Royal Society of Chemistry 2020
CDI experiment

The electrode was prepared by coating graphite paper by a paste
of the synthesized materials (90 wt%) with polytetrauoro-
ethylene (10 wt%) as a binder and ethanol as a solvent, then the
electrode was dried at 60 �C overnight. Each electrode was
loaded with an exact 90 mg of materials. The CDI experiments
were investigated by batch-mode electrosorption experiments
with a continuously recycling system.39 In each experiment, the
analytical pure NaCl solution with a volume of 50 mL was
employed as the target solution and the ow rate was 90
mL min�1. A direct voltage of 1.2 V was applied on the opposite
electrodes. The initial conductivity of NaCl solution was 55
mS cm�1 and the solution temperature was kept at 298 K.28 The
relationship between conductivity and concentration was ob-
tained according to a calibration table made prior to the
experiment.40 The concentration variation was continuously
monitored and measured at the outlet of the unit cell by using
an ion conductivity meter. The salt removal efficiency (h) and
the electro-sorption capacity (G, mg g�1) of the electrode were
calculated according to the following equations:15,41

h ¼
�
C0 � C

C0

�
� 100% (1)

G ¼ (C0 � C)V/m (2)

where C0 and C (mg L�1) are the initial concentration and the
nal concentration, respectively, V (L) is the total volume of the
NaCl aqueous solutions, and m (g) represents the mass of the
active materials on the working electrode.

Results and discussion
Morphology and structure

Fig. 1A showed the surface morphology of graphene. It could be
seen that there are lots of folds on the surface of the material,
indicating a larger specic area. Fig. 1B displayed the SEM
image of ATO–RGO composite with 20 wt% ATO, and the good
and uniform distribution of ATO nanoparticles on the surface of
graphene sheets can be observed. Meanwhile, energy-dispersive
X-ray spectroscopy (EDX) was applied in Fig. 1C to demonstrate
the presence of Sn and Sb elements simultaneously in the cor-
responding area from the graphene sheet, which was different
from SnO2–RGO (Fig. S1†).

Fig. 1D and E showed the low and highmagnication of TEM
images for ATO–RGO (20 wt%) nanocomposite. It was easy to
nd that the ATO nanocomposites were successfully intro-
duced, which matched the result shown in Fig. 1B. In Fig. 1E, it
could be clearly revealed that the incorporated ATO nano-
particles were with the average size about 5 nm. The lattice
spacings of 0.34 nm and 0.26 nm (inset in Fig. 1E) were relevant
to the (110) and (101) planes of rutile structure of SnO2 crystal,42

indicating that the introduction of Sb element did not form
a new compound and all antimony ions came into the lattice of
bulk SnO2 to substitute for tin ions.43 This could also be proved
by XRD, Fig. 1F showed the XRD patterns of GO, RGO, SnO2–

RGO nanocomposites and ATO–RGO nanocomposite. It showed
RSC Adv., 2020, 10, 39130–39136 | 39131
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Fig. 1 SEM image of (A) graphene and (B) ATO–RGO composite with 20 wt% of ATO. (C) EDX of the fabricated ATO–RGO (20 wt%) nano-
composite. TEM image of ATO–RGO (20 wt%) nanocomposite with low (D) and high (E) magnification. (F) X-ray diffraction patterns of RGO, GO,
SnO2–RGO nanocomposites and ATO–RGO nanocomposites.

Fig. 2 (A) C 1s (B) Sn 3d and (C) Sb 3d region in the XPS spectrumof the
as-synthesized ATO–RGO nanocomposites. (D) TGA curves of pure
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that an intense peak of GO centered at 10.35�, proving the
existence of abundant oxygen-containing groups. However,
aer the reduction process, a broad weak reection peak (002)
of RGO located at 24.3� conrmed that most oxygen-containing
groups had been removed and pristine graphene was obtained
successfully. Notably, the XRD patterns of SnO2–RGO nano-
composites and ATO–RGO nanocomposites were quite the
same, the diffraction peak centered at 26.5�, 33.8� and 51.7�

were corresponding to the (110), (101) and (211) lattice plane of
rutile structure of SnO2 crystal (JCPDS, no. 41-1445),44 which
indicating that the addition of antimony chloride did not form
a new phase.34,45,46

X-ray photoelectron spectroscopy (XPS) was shown in Fig. 2
to elaborate the chemical states of the detected elements in the
synthesized ATO–RGO nanosheets. Fig. 2A showed the XPS
spectrum of C 1s for ATO–RGO, which could be distinguished
into four peaks (colored lines) with different carbon ratios: sp2

bonded carbon at 284.2 eV and 284.8 eV (C–C), epoxy/hydroxyls
at 286.2 eV (C–O) and carbonyls at 288.2 eV (C]O). This spec-
trum could be veried with the pure RGO spectrum (Fig. S2†).
Obviously, some oxygenated functional groups still existed due
to incomplete reduction by hydrothermal reaction which could
become the active sites for riveting ATO nanoparticles.47 Fig. 2B
displayed the XPS spectrum of Sn 3d. Unlike Sn (485.2 eV) and
Sn2+ (486 eV), two intense peaks located at 486.8 eV and 495.3 eV
represented the binding energy of Sn 3d5/2 and Sn 3d3/2,
respectively, indicating the existence of Sn4+ in the nano-
composites.48 Fig. 2C exhibited the characteristic of Sb element
in the ATO nanoparticles. An intense peak located at 531.0 eV
represented the binding energy of Sb 3d5/2, a weak peak
centered at 540.3 eV indicating the binding energy of Sb 3d3/2,
which was the binding energy of Sb2O5.49 From the conclusion
39132 | RSC Adv., 2020, 10, 39130–39136
of XRD and XPS, it was obvious that Sb ions, which assume the
valence state of 5+, have been successfully intercalated into
SnO2 lattice to substitute for Sn4+, proving the successful
preparation of ATO nanoparticles.50

At the same time, thermogravimetric analysis (TGA) was
performed. As shown in Fig. 2D, both materials showed good
stability until 400 �C, and they no longer lost mass at about
600 �C. The difference of the mass fraction of these two was
17.75%, which was almost consistent with the ATO mass frac-
tion of the experimental design, indicating that almost all raw
materials participated in the reaction to generate ATO. At the
RGO and ATO–RGO (20 wt%).

This journal is © The Royal Society of Chemistry 2020
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Table 1 Textural properties of RGO and ATO–RGO composites with
various ATO contents

Sample SBET (m2 g�1) VBJH (cm3 g�1)
Pore size
(nm)

RGO 196.1 0.2570 4.25
ATO–RGO (10 wt%) 281.9 0.3348 4.47
ATO–RGO (20 wt%) 445.2 0.5518 4.02
ATO–RGO (30 wt%) 276.9 0.3191 4.36
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same time, it could be found that both materials experienced
a period of mass fraction decline before 100 �C, which was
attributed to the removal of water. Moreover, ATO–RGO
(20 wt%) had a more obvious downward trend, which indicated
that ATO–RGO (20 wt%) was more hydrophilic.

Fig. 3 showed the N2 sorption isotherms and pore size
distribution plots of RGO and ATO–RGO with various mass ratio
of ATO and RGO. For all the isotherms in Fig. 3A, the uniform
pronounced capillary condensation step at relative pressure of
0.4–0.9 showed the typical IUPAC type-IV adsorption isotherm
patterns. The presence of a H1-type hysteresis loop indicated
the composite was the mesoporous materials.10 All the meso-
porous structures of the RGO and ATO–RGO composite were
well retained, and the pore size distribution plots were similar
as shown in Fig. 3B, which meant the incorporation of the ATO
can increase the percentage of mesopores and the accessible
surface area. The BET surface area, pore volumes, and average
pore size of all samples were shown in Table 1. It could be seen
that the largest surface area was found at ATO–RGO (20 wt%)
(445.2 m2 g�1), which was much higher than RGO (196.1 m2 g�1).

Meanwhile, the surface area for the pure ATO was also tested
(53.2 m2 g�1). There was no obvious linear relationship between
the ATO content and pore size, indicating that the introduction
of ATO nanoparticles could not change the original structure of
the material. The results suggested the ATO nanoparticles can
effectively decrease the agglomeration of the RGO nanosheets,
leading to a higher exposed surface area than RGO. But the
surface area decreased with further increasing of the ATO
content. This might be caused by the agglomeration between
ATO nanoparticles on the RGO surface, thus decreasing the
exposed surface area.15

Possible preparation principle

The detailed preparation process of ATO–RGO is illustrated in
Scheme 1. It is noteworthy to mention that tin chloride
precursor in the presence of NH3$H2O has strong reducing
inuence on graphene oxide to be converted to graphene.51,52

NH3$H2O could not only provide an alkaline atmosphere, but
also promote hydrolysis of SnCl2 precursors, resulting in the
formation of SnO2 nanoparticles. Aer adding SnCl2, graphene
sheets absorb most Sn2+ ions through electrostatic interactions
or coordination with abundant surface oxygen-containing
groups. Then, the absorbed Sn2+ are oxidized to Sn4+ by gra-
phene oxide, giving rise to the nucleation sites of SnO2
Fig. 3 (A) N2 sorption isotherms at 77 K and (B) Barrett–Joyner–
Halenda (BJH)mesopore size distribution plots of RGO and ATO–RGO
with various ATO mass ratio.

This journal is © The Royal Society of Chemistry 2020
nanoparticles.47 In this route, graphene sheets acted as the
heterogeneous nucleation sites for growth of ATO nano-
particles. In the following hydrothermal process, graphene
oxide was further reduced, and the Sb ions came into SnO2

lattice to substitute Sn ions, respectively.

Electrochemical properties and CDI performance

Because the specic capacitance of the electrode materials in
NaCl solution is an important factor for evaluating ions
adsorption capacity,53 cyclic voltammetry (CV) and galvanostatic
charge–discharge measurements were employed to investigate
the electrochemical performance of the ATO–RGO composites.
As mentioned in the experimental part, the specic capacitance
was calculated from I–V cycles.10 Briey, the lower scan rate
corresponds to higher specic capacity value. As shown in
Fig. 4A and B, the ATO–RGO (20 wt%) composite was superior to
others. Typically, the specic capacitance of ATO–RGO (20 wt%)
was 154.7 F g�1 while they were 144.4 F g�1, 121.6 F g�1, 86.1 F
g�1 and 74.3 F g�1 for ATO–RGO (10 wt%), ATO–RGO (30 wt%),
ATO–RGO (40 wt%) and pristine RGO at 5 mV s�1 scan rate in
1 M NaCl, respectively. Fig. 4B showed the CV curves of pristine
RGO and ATO–RGO composites with different ATO mass ratio
electrodes with the potential from�0.4 to 0.6 V, other CV curves
at different scan rate were displayed in Fig. S3A–S3E.† Obvi-
ously, all the CV curves exhibited nearly rectangular shapes,
while reduction peaks can be detected in the CV curves of ATO–
RGO (30 wt%) and ATO–RGO (40 wt%), which was the same as
the expression in the ref. 54 and 55, and it could be attributed to
the reduction of Sn4+ to Sn2+, which revealed that the ions
adsorbed on the electrode surface by forming an electric double
layer due to coulombic interaction only within a certain ATO
content. The presence of excessive amounts of ATO will result in
Scheme 1 Schematic illustration for the hydrothermal synthesis
procedure of ATO–RGO nanocomposites.

RSC Adv., 2020, 10, 39130–39136 | 39133
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more pseudo-capacitances and decrease the total specic
capacitances due to the agglomeration between nanoparticles.26

All these result above showed that only proper loading amount
of ATO nanoparticles can lead to signicant enhancement of
the specic capacitance of the hybrid materials. It is apparent
that ATO–RGO (20 wt%) composites retained the largest area of
CV curve, which indicated the highest specic capacitance and
optimal electrosorption performance. In Fig. S3C,† all CV curves
of ATO–RGO (20 wt%) electrode remain almost rectangular
shape when the scan rate changes from 5 to 100mV s�1, and there
is no obvious deformation and redox peaks at high scan rates
implying ideal electric double-layer capacitive behavior and good
reversible ion adsorption/desorption characteristics. The specic
capacitance of SnO2–RGO (20 wt%) was also tested for compar-
ison. As shown in Fig. S4,† the calculated specic capacitance was
95.7 F g�1, which was signicantly lower than ATO–RGO (20 wt%),
possibly due to the poor conductivity of SnO2.56

Fig. 4C was the image of electrochemical impedance spec-
troscopy (EIS) of ATO–RGO nanocomposites, it further provided
insights into the electrical resistance and diffusion limitation.
The Nyquist plots showed that all the electrodes were with the
low charge transfer resistance in high frequency region, which
was attributed to the good connectivity of RGO. The high
frequency intercept on the real axis region was the equivalent
series resistance (ESR) or the sum of the interfacial resistance at
the active material/current collector and ionic resistance of the
electrolyte.57 It was clear that the introduction of ATOmakes the
ESR of the electrodes lower, indicating the good connectivity of
ATO nanoparticles, and it could improve the charge transfer
efficiency of the electrode. Notably, ATO–RGO (20 wt%) performed
larger slope than the other fabricated electrodes in low frequency,
which was indicative of primarily capacitive behavior, suggesting
a faster ion diffusion and adsorption.58 Fig. 4D was the image of
galvanostatic charge–discharge of fabricationmaterials. As shown
in Fig. 4D, except the ATO–RGO (40 wt%) modied electrode, the
GC curves of all the other electrodes exhibit nearly regular triangle
Fig. 4 (A) Specific capacitance of different samples at varying scan
rates; (B) CV measurements in 1 M NaCl solution at the scan rates of
5 mV s�1, (C) Nyquist impedance plots and (D) charge–discharge tests
at a current density of 1 A g�1 for the RGO and ATO–RGO (10–40wt%),
respectively.

39134 | RSC Adv., 2020, 10, 39130–39136
shapes, thereby suggesting a low inner resistance and reversible
charge–discharge capacitive behavior of the electrode.26 ATO–RGO
(20 wt%) had the maximum charge–discharge time, the specic
capacitance calculated from the galvanostatic charge–discharge
measurement26 was 158.2 F g�1, which was consistent with the
conclusion of CV testing.

To investigate the desalination performance of the fabri-
cated electrodes, batch mode experiments were conducted in
a NaCl aqueous solution with an initial conductivity of 55
mS cm�1 at a working voltage of 1.2 V. The total mass of the
electrode was 0.1 g and the volume of NaCl aqueous solution
was 50 mL. As shown in Fig. 5A, a dramatic decrease of the
conductivity at the beginning corresponded to the quick
adsorption of the salt ions. The conductivity changed weakly
aer 20 min and remained at a constant value until 30 min,
indicating the saturation of the electrosorption. Fig. 5B dis-
played the electrosorptive capacity of fabricated electrodes, and
it is clearly that ATO–RGO (20 wt%) electrode had the optimal
desalination performance of 8.63 mg g�1, which was more than
two times than 3.98 mg g�1 for pristine graphene. Fig. S5†
showed the desalination performance of ATO–RGO (20 wt%)
electrode at different applied voltages from 1.0 to 1.4 V. The
adsorption process was completely electric double-layer capac-
itive behavior by electrostatic force. Therefore, the higher
voltage applied, the higher salt removal capacity was. As shown
in Fig. 5C, tests were also made under different salt solution
concentrations.39,40 Although the electrosorption capacity
increased under higher concentration of salt solution, the
charge efficiency decreased rapidly. Therefore, the NaCl
concentration of 25 mg L�1 (55 mS cm�1) was regarded as the
ideal condition for ATO–RGO (20 wt%) with high CDI effective.
To evaluate the electrosorption stability of ATO–RGO (20 wt%)
electrode, repeating charge–discharge experiment was carried
Fig. 5 (A) CDI performances of different electrodes at 1.2 V. (B) The
electrosorption capacities of the investigated electrodes at 1.2 V in the
testing solution. (C) Electrosorption capacities and charge efficiencies
of ATO–RGO (20 wt%) in NaCl solutions with different initial
concentrations. (D) Cycling stability of ATO–RGO (20 wt%) electrode.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Comparison of electrosorption capacities and charge efficiencies of various carbon electrodes

Materials
Voltage
(V)

Electrosorption
capacity (mg g�1) Charge efficiency Reference

P-doped carbon nanober aerogels 1.2 V 8.31 �0.65 59
Active carbon/nickel hexacyanoferrate/reduced graphene oxide 1.2 V 31.8 0.11 60
Nitrogen-doped tin oxide intercalated activated carbon 1.2 V 3.42 �0.6 61
Porous carbons obtained from Zn fumarate 1.2 V 8.1 0.55 62
Nitrogen-doped porous hollow carbon spheres 1.2 V 6.87 0.55 63
ATO–RGO (20 wt%) 1.2 V 8.63 0.68 This paper
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out in a NaCl aqueous solution with an initial conductivity of 55
mS cm�1 at a working voltage of 1.2 V for 6 cycles. As shown in
Fig. 5D, aer 6 times of cycling, the electrosorption capacity was
stable at 6.16 mg g�1, showing good stability. Furthermore, the
electrosorption capacities and charge efficiencies of ATO–RGO
nanocomposite were compared with those of other advanced
carbon materials, and the results were shown in Table 2.
Clearly, at the same applied voltage, ATO–RGO material had
both good electrosorption capacity and charge efficiency, indi-
cating a superior desalination performance.

The intercalation of ATO nanoparticles between graphene
sheets plays a vital role to increase the adsorption capacity of
salt ions on the surface of the electrode. First, the pore structure
of pure graphene is easily destructed by the agglomeration
during the reduction progress owing to the p–p stacking
interactions among the graphene sheets.57 It is observable that
the introduction of ATO nanoparticles can effectively obstruct
the agglomeration of graphene sheets and increase the inter-
facial contact area of the electrode. Secondly, ATO nanoparticles
can promote the electron transfer rate among the interlayer
space because the doped Sb5+ replaced the location of Sn4+ in
the tin oxide lattice, which formed an N-type semiconductor to
increase the quantity of electron and elevate the electron
conductivity between the graphene sheets.37

Conclusion

In summary, ATO–RGO nanocomposite has been successfully
synthesized via a facile hydrothermal method and applied as
CDI electrode. The ATO–RGO (20 wt%) electrode exhibited
superior electrochemical properties than those of pristine gra-
phene. Specically, the intercalation of ATO nanoparticles can
efficiently prevent graphene sheets from restacking which
strongly increased the total surface area; moreover, as an N-type
semiconductor, ATO can increase the quantity of electron and
enhance the electron conductivity between the graphene sheets.
Therefore, ATO–RGO (20 wt%) electrode achieved the highest
specic capacity (158.2 F g�1) and possessed the maximum
electrosorption capacity (8.63 mg g�1), which was more than
two folds higher than that of pristine graphene (3.93 mg g�1).
Under the same applied voltage, compared with other reported
carbon materials of recent years, ATO–RGO (20 wt%) material
represents better electrosorption capacity and charge efficiency.
ATO–RGO nanocomposite can be a promising electrode mate-
rial for capacitive deionization.
This journal is © The Royal Society of Chemistry 2020
Conflicts of interest

There are no conicts to declare.

Acknowledgements

Financial supports from the National Water Pollution Control
and Treatment Science and Technology Major Projects of China
(2017ZX07301006), the National Natural Science Foundation of
China (Grant No. 21605084 and No. 51808251), the Natural
Science Foundation for Young Scholars of Jiangsu Province,
China (Grant No. BK20160983 and BK20170111), and Research
Start-up Funds for Talent Scholars of Nanjing Tech University
(No. 39837104) are highly appreciated.

References

1 G. M. Geise, D. R. Paul and B. D. Freeman, Prog. Polym. Sci.,
2014, 39, 1–42.

2 A. Subramani and J. G. Jacangelo, Water Res., 2015, 75, 164–
187.

3 Y. Oren, Desalination, 2008, 228, 10–29.
4 K. Laxman, M. T. Z. Myint, R. Khan, T. Pervez and J. Dutta,
Electrochim. Acta, 2015, 166, 329–337.

5 L. Han, K. G. Karthikeyan, M. A. Anderson, J. J. Wouters and
K. B. Gregory, Electrochim. Acta, 2013, 90, 573–581.

6 Y. Liu, L. Pan, T. Chen, X. Xu, T. Lu, Z. Sun and D. H. C. Chua,
Electrochim. Acta, 2015, 151, 489–496.

7 H. Li, L. Pan, C. Nie, Y. Liu and Z. Sun, J. Mater. Chem., 2012,
22, 15556–15561.

8 X. Wen, D. Zhang, L. Shi, T. Yan, H. Wang and J. Zhang, J.
Mater. Chem., 2012, 22, 23835–23844.

9 Y. Liu, H. Li, C. Nie, L. Pan and Z. Sun, Desalin. Water Treat.,
2013, 51, 3988–3994.

10 Z. Peng, D. Zhang, T. Yan, J. Zhang and L. Shi, Appl. Surf. Sci.,
2013, 282, 965–973.

11 Z. Peng, D. Zhang, L. Shi, T. Yan, S. Yuan, H. Li, R. Gao and
J. Fang, J. Phys. Chem. C, 2011, 115, 17068–17076.

12 C. Tsouris, R. Mayes, J. Kiggans, K. Sharma, S. Yiacoumi,
D. DePaoli and S. Dai, Environ. Sci. Technol., 2011, 45,
10243–10249.

13 P. Xu, J. E. Drewes, D. Heil and G. Wang,Water Res., 2008, 42,
2605–2617.

14 M. C. Zafra, P. Lavela, G. Rasines, C. Maćıas, J. L. Tirado and
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M. Haase and H. Weller, J. Chem. Phys., 2000, 112, 4296–
4304.
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