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A B S T R A C T

Capacitive deionization (CDI) is an energy-efficient and environment-benign process to produce fresh water.
Carbon nanotubes (CNTs) are promising building blocks in constructing high-performance CDI electrodes.
Nevertheless, the strong hydrophobicity of CNTs significantly impedes their applications in aqueous environ-
ment. Herein, hydrophilic CNT-based membrane electrodes are obtained via atomic layer deposition (ALD). We
demonstrate, for the first time, that ALD is an efficient and flexible means of enhancing the CDI performance of
free-standing CNT membrane electrodes by depositing TiO2 nanoparticles on the surface of CNTs. The CNT
membranes display preferable electrosorption behavior after moderate ALD cycle numbers and stable reusability
in the desalination process.

1. Introduction

Under the situation of worldwide increasing demands and de-
creasing supply of freshwater, extensive attention having being paid on
advanced desalination technologies. As a promising alternative to de-
salination processes, capacitive deionization (CDI) is an environment-
friendly and energy-efficient desalination technique in comparison with
other desalination techniques which always suffer from the drawbacks
such as fouling, water electrolysis and high energy consumption [1–9].
CDI based on the electrical double-layer capacitor (EDLC) theory is an
electrochemical water purification method and capable of reducing the
salt concentration of brackish and seawater by electrostatic adsorption
of ions on porous electrodes [10–12]. The electrosorption behavior
relies significantly on the electrical conductivity, wettability and in-
ternal structures of the CDI electrode materials [13]. Owing to their
high surface area, good flexibility and low electrical resistivity, carbon-
based materials such as graphene, activated carbon (AC), carbon
aerogels (CAs), carbon nanotubes (CNTs), and their composites have
been widely investigated for the application in CDI electrode materials
over the past years [14–19]. However, the tedious treatments for the
synthesis and/or modification to the carbon building blocks, easy ag-
gregation of powders, and binder addition often complicate the pre-
paration process of the electrodes on one hand [20–22], and sometimes
it cannot obtain acceptable electrosorption capacity on the other [14].
Therefore, advanced electrode materials with good CDI performances

which simultaneously have the advantages of simplifying preparation
process, avoiding the aggregation, eliminating the blocking caused by
binders and can be directly used as electrodes are urgently needed.

Incorporating pristine or modified CNTs with binders, then com-
bining them with polymers or other porous carbon-based materials, and
finally depositing them onto a current collector is the most common
way to fabricate CDI composite electrodes. The use of CNTs is expected
to increase the specific surface area and enhance the electrical con-
ductivity of composite materials, thus improving CDI performance
[23–29]. However, these CNTs are commonly existed in the shape of
powders and are typically required to be chemically modified in order
to have a good dispersion in the final electrodes, which always requires
a great deal of time and energy, and is also a tedious process [30,31].
Furthermore, the release of individual CNTs into water or air is likely to
cause safety issues during practical applications [32,33]. If the CNTs
can be welded together and utilized as hydrophilic free-standing CNT
membrane electrodes, they will be more effective for CDI applications.
Compared to CNT-doped composite electrodes, free-standing CNT
membrane electrodes with randomly interlaced CNTs in the form of
fabrics are a kind of promising carbon-based materials, exhibiting
three-dimensionally (3D) interconnected nanoporous networks with
higher specific surface areas [34,35]. Owing to their excellent thermal,
chemical, mechanical and electronic properties, this type of CNT
membranes has been used in diverse applications [36–39]. However,
the inherent strong hydrophobicity of CNTs dramatically hinders their
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applications in the field of CDI as water cannot adequately wet the fine
pores in the membranes. Creating a hydrophilic interface on the CNT
membranes could markedly reduce the contact resistance between the
water and CNT membranes [40]. However, the interface engineering of
CNT membranes involves complex interactions and dynamics. Hence,
there is a strong demand for effective techniques which can realize the
hydrophilic modification and functionalization of CNT membrane
electrodes in a simple way.

Atomic layer deposition (ALD), based on sequential self-limiting
reactions of alternately injected gaseous precursors, is a promising thin-
film-coating technique which could obtain excellent conformity, highly
controllable thickness and morphology on the surfaces of various sub-
strates. ALD has the capability to deposit a variety of target materials on
porous substrates and yields strong chemical bonding between the
substrate and the deposited materials, thus precisely regulating surface
properties, pore sizes and separation/adsorption applications by simply
varying deposition conditions such as temperatures and cycle numbers
[41–46]. Recently, ALD has been successfully employed to deposit
metal oxides on carbon-based substrates for increasing charge storage
for supercapacitor and a variety of electrochemical applications
[47,48]. Even though CNT membranes have been extensively in-
vestigated for CDI applications [28,49,50], there are still some short-
comings during the electrode fabrication and application processes.
Herein, for the first time, we used ALD of titanium dioxide (TiO2),
which is a highly hydrophilic, low-cost and eco-friendly metal oxide
[51], onto free-standing CNT membranes to achieve binder-free CNT-
TiO2 composite electrodes. Significant enhancement in hydrophilicity,
electrochemical behavior and CDI performance were obtained by ALD
of TiO2 on CNT membrane electrodes. The TiO2-deposited electrodes
also displayed superior reusability during CDI process. This strategy of
“ALD on carbon substrates” opens a new avenue to produce advanced
electrodes for various electrochemical applications in addition to CDI
considering that a large number of materials can be controllably ALD-
deposited on various carbon-based substrates.

2. Experimental section

2.1. Materials

Sheets of multi-walled CNT membranes (Suzhou Jiedi
Nanotechnology Co., Ltd) with a thickness of∼8 µm were chosen as the
substrates in this work. Titanium tetrachloride (TiCl4, 99.99%,
Metalorganic Center, Nanjing University) and deionized (DI) water
(8–20 µs/cm, Wahaha) were selected for TiO2 deposition. Ultrahigh
purity nitrogen (99.999%) and high purity nitrogen (99.9%) were used
as the carrier gas and purge gas in the ALD reactor, respectively.
Sodium chloride, hydrochloric acid, anhydrous ethanol and other re-
agents were all purchased from commercial sources and used without
further treatment.

2.2. Fabrication of TiO2-deposited CNT membrane electrodes

The pristine CNT membranes were cut into pieces with dimensions
of 5 cm×5 cm and pre-treated with 20% hydrochloric acid, then
thoroughly rinsed with DI water, and finally dried at 120 °C as sub-
strates. The deposition of TiO2 was performed in a commercialized ALD
reactor (Savannah S100, Cambridge NanoTech). The dried CNT mem-
branes were put into the chamber of ALD reactor and pretreated at the
operating temperature (100 °C) for 30min in vacuum (∼1 Torr) before
deposition. The TiCl4 and DI water were stored in stainless cylinders at
room temperature and used as metal and oxygen precursors, respec-
tively. The precursors were pulsed into the ALD reactor by the carrier
gas alternatively. For one TiO2 ALD cycle, the pulse durations of TiCl4
and DI water were 0.03 and 0.015 s, respectively. After pulse, each
precursor was held in the chamber for 5 s, and subsequently the
chamber was purged for 20 s with nitrogen after each precursor ex-
posure. The “exposure mode” was adopted to ensure uniform deposi-
tion on porous CNT membranes and all operations were automatically
controlled via fast valves in ALD process. The CNT substrates were
deposited for 5, 10, 20, 40 and 60 cycles with a steady N2 flow rate of

Fig. 1. Schematic illustration for the capacitive deionization system.
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Fig. 2. SEM images of the (a) pristine CNT membrane, the (b) CNT@20TiO2 and (c) CNT@60TiO2 membrane electrode. (a)-(c) have the same magnification and the
scale bar is shown in (c).

Fig. 3. TiO2 mass percentages of CNT electrodes with different ALD cycles.
Fig. 4. Water contact angles of TiO2-deposited CNT electrodes with different
ALD cycles.
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20 sccm, respectively. The prepared CNT membrane electrodes were
denoted as CNT@xTiO2 (x presents the TiO2 ALD cycle numbers).
Silicon wafers with thin native oxide (∼2 nm) and dimensions of
2 cm×2 cm were also placed together with CNT membranes inside the
reactor under the same ALD condition and used as the substrates to
examine the growth rate of metal oxide.

2.3. Characterizations

Scanning electron microscopy (SEM, Hitachi S-4800) was carried
out at the operation voltage of 5 kV to examine the surface morpholo-
gies of the membrane electrodes. The weights of each 5 cm×5 cm
sized membranes before and after ALD deposition were measured by a
micro analytical balance and the corresponding TiO2 mass percentages
were calculated. A contact angle goniometer (Dropmeter A-100, Maist)
was used to analyze the surface hydrophilicity of the membranes before
and after deposition. Each sample was measured on different positions
with 5 µL water at ambient temperature and the average values were
reported. The TiO2 film thicknesses deposited on silicon wafers were
measured by a spectroscopic ellipsometer (Compete EASEM-2000U, J.
A. Woollam) with an incident angle of 70°. The electrochemical prop-
erties of the electrodes were evaluated by cyclic voltammetry (CV)
using a CHI660E (Shanghai Chenhua) at 298 K. The sweep potential
range was adjusted from −0.5 to 0.8 V in an electrochemical cell with
conventional three-electrode system. The ALD-modified CNT mem-
brane, platinum wire and Ag/AgCl electrode served as the working

electrode, counter electrode and reference electrode, respectively. The
electrochemical properties were measured in a 1M NaCl aqueous so-
lution.

2.4. Evaluation of CDI performances

The CDI performances of the electrodes were evaluated with a
continuously recycling system including a CDI unit cell, a reservoir, a
direct current power source, a conductivity meter and a peristaltic
pump (Fig. 1). The CDI unit cell is consisted of two parallel membrane
electrodes separated by a non-conductive non-woven spacer and sealed
with rubber gaskets. Before CDI tests, the membrane electrodes were
pre-wetted with ethanol and then thoroughly washed with DI water.
The electrodes were fabricated in the same manner as the electro-
chemical measurements. The effective area of the electrode was
12.5 cm2. In each experiment, the total NaCl aqueous solution volume
of 20mL with an initial conductivity of ∼86 µS/cm (NaCl concentra-
tion: ∼40mg/L) was supplied to the CDI cell using a peristaltic pump
with a flow rate of 3.8 mL/min and the solution temperature was
maintained at 298 K. To confirm the correlation between applied vol-
tage and electrosorption capacity, the electrical voltage was increased
from 0.8 to 1.6 V with an interval of 0.4 V. During the CDI process, the
conductivity was monitored and measured by a conductivity meter
continuously. The relationship between concentration (mg/L) and
conductivity (µS/cm) can be obtained by a calibration test prior to CDI
experiment (Fig. S1). The electrosorption capacity (EC, mg/g) is de-
fined as the adsorbed ions amounts per gram of the membrane electrode
and can be calculated by the following Eq. (1):

=

−EC C C V
m

( )o e
(1)

where Co and Ce represent the initial and equilibrated concentrations
(mg/L) of NaCl solution, respectively, V (L) is the total volume of the
NaCl aqueous solution, and m (g) is the total mass of two membrane
electrodes.

3. Results and discussion

3.1. Morphology evolution of the CNT membranes during ALD of TiO2

Fig. 2 shows the morphologies of pristine CNT, CNT@20TiO2 and
CNT@60TiO2 membrane electrodes, respectively. It can be seen from
Fig. 2a that the pristine CNT membrane with nanoporous structure
arising from intertwined CNTs and larger pores contributed by the
matrix of smooth fibers is consisted by a uniform, highly interconnected
CNTs network. As displayed in Fig. 2b and c, the TiO2 coverage on CNTs
increases with more ALD cycles. Below 20 ALD cycles, TiO2 nano-
particulates distributed on the CNT surface are very tiny and, therefore,
there is no remarkable morphology change compared with the pristine
CNT. The ALD reactions can still occur on the CNT surface even though
there is barely no active sites. The unobvious morphology change at
small number of ALD cycles can be attributed to the much smaller
growth rate (growth per cycle, GPC,∼0.49 Å) of TiO2 than that of other
metal oxides, e.g., ZnO. The adjacent TiO2 nanoparticulates are gra-
dually approaching each other and thus forming a nearly continuous
and intact layer along the CNTs with further increment of ALD cycles,
e.g., 60 cycles (Fig. 2c).

The TiO2 mass percentages of ALD-modified CNT electrodes were
shown in Fig. 3. With low ALD cycles, such as 5 cycles, TiO2 nano-
particulates on the CNT surface are in the nucleation stage, so TiO2

loading amount is very low (3.1 wt%). After the short nucleation
period, the TiO2 mass percentages were continually promoted and
reached 5.5 wt% and 9.7 wt% for the 10 and 20 cycles deposited CNT
electrodes, respectively. The TiO2 mass percentage of the electrode was
greatly promoted to 20.7 wt% after 40 ALD cycles. The 60 cycles TiO2

deposited CNT electrode exhibits a maximum loading (27.9 wt%). The

Fig. 5. (a) Cyclic voltammetry curves for the TiO2-deposited CNT electrodes at
a scan rate of 50mV/s, (b) CV profiles of the CNT@20TiO2 electrode at dif-
ferent scan rates. All the curves were obtained in a 1M NaCl solution.
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TiO2 loading on CNT electrodes gradually increases with the enhance-
ment of ALD cycles and the loading promotion is relatively slow in the
early stage of ALD. This result confirms the occurrence of surface nu-
cleation at the initial stage as described above.

3.2. Surface hydrophilicity of the TiO2-deposited CNT electrodes

The water affinity plays a significant role for CNT electrodes used in
CDI to ensure that the entire pore volume is participating in the sorp-
tion of ions in aqueous environments. Herein, to assess the surface
wettability, the water contact angles (WCAs) of CNT electrodes sub-
jected different ALD cycles were measured. As illustrated in Fig. 4, the

pristine porous CNT electrode showed an initial contact angle of
∼114°, implying a strong hydrophobic surface. After 5 cycles TiO2

deposition, the WCA slightly decreased to ∼101°, and further de-
creased to ∼69° with 20 ALD cycles deposition. An obvious decrease of
the WCA to ∼37° was achieved after 60 ALD cycles. This result showed
that the TiO2 could apparently enhance the affinity between the water
and the membrane electrode. With the ALD of TiO2, the surface of CNTs
was progressively replaced by TiO2. The enhanced wettability is mainly
ascribed to the existence of hydrophilic hydroxyl groups on TiO2 sur-
face after ALD [52]. The excellent wettability of the TiO2-deposited
CNT electrodes offers good compatibility to aqueous solutions, which
will provide more accessible channels for ions and thus improve the CDI
performance.

3.3. Electrochemical behavior of the TiO2-deposited CNT electrodes

Cyclic voltammetry (CV) characterization is often used as an ef-
fective measure to explore the electrosorption performance and eval-
uate the specific capacitance of the CDI electrode materials [23]. To
evaluate the electrochemical performance of TiO2-deposited CNT
membranes as electrodes, CV measurements in a three-electrode system
were performed. The CV profiles of TiO2-deposited CNT electrodes with
different ALD cycles in the range of −0.5 to 0.8 V are shown in Fig. 5a.
The encircled areas of TiO2-deposited CNT electrodes gradually enlarge
with the increment of ALD cycles, implying that the electrodes have
larger capacitances. Even though the CNT@40TiO2 (20.7 wt% TiO2)
and CNT@60TiO2 (27.9 wt% TiO2) electrodes have larger encircled

Fig. 6. Desalination curves of the TiO2-deposited CNT electrodes at applied voltages of (a) 0.8 V, (b) 1.2 V, (c) 1.6 V and (d) electrosorption capacities of the pristine
and TiO2-deposited CNT electrodes at different electrical voltages.

Table 1
Comparison of the electrosorption capacity of CNT@20TiO2 electrode with
other reported in literature.

Samples Initial NaCl
concentration
(mg/L)

Voltage (V) Electrosorption
capacity (mg/g)

Ref.

Graphene/MC 89.5 2.0 0.73 [10]
Graphene/AC ∼50 2.0 0.85 [13]
Graphene ∼50 2.0 1.85 [14]
GHMCSs 68.5 1.6 2.3 [54]
CNTs-RGO 100 1.6 0.9 [55]
Gr/SnO2 25 1.4 1.49 [56]
CNT@20TiO2 ∼40 1.6 5.09 This

work
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areas than other electrodes, however, there are some redox peaks
during the measurements and the oval shape of CV curve which can be
attributed to the existence of massive hydrophilic hydroxyl groups on
TiO2 surface after ALD [25,53]. On the contrary, the CV curve of CNT@
20TiO2 (9.7 wt% TiO2) electrode exhibits a nearly rectangular shape,
indicating an ideal electrical double layer (EDL) capacitive behavior
and higher electrochemical performances. The CV curves of CNT@
20TiO2 at various scan rates (5–100mV/s) are displayed in Fig. 5b. The
CV curve presents rectangular shape at a low scan rate, which means
the salty ions of the aqueous solution can quickly and effectively
transport into the electrode surface. However, the CV curve has an
increased distortion when the scan rate is up to 50mV/s. At a higher
scan rate, the sodium and chloride ions have not enough time to ac-
cumulate and move into the internal pores of the electrode, and
meanwhile the ohmic resistance increases correspondingly, thus re-
sulting in the incomplete EDL formation [53]. From the above analysis
results, we can conclude that the CNT@20TiO2 (9.7 wt% TiO2) elec-
trode presents a better EDL capacitive behavior, indicating the prefer-
able CDI performance.

3.4. CDI performance of the TiO2-deposited CNT electrodes

The desalination curves of pristine and TiO2-deposited CNT elec-
trodes in NaCl solution with an initial conductivity of ∼86 µS/cm at
different electrical voltages are shown in Fig. 6a-c. The electrical

potential was set from 0.8 V to 1.6 V with an interval of 0.4 V and all
charging processes were carried out for the time when the conductivity
doesn’t change anymore, indicating the saturation reached. Obviously,
it can be seen that the conductivity goes to decrease once the electrical
potential applied. When the electrical potential is set as 0.8 V, the so-
lution conductivity exhibits slight decrease on the whole. However,
when the applied voltage is increased to 1.2 V or 1.6 V, a dramatic
decrease of the conductivity appears at the initial stage which indicates
quick electrosorption of the salt ions. With the operation continuing,
the rate of the adsorption of ions represented in conductivity curve
becomes slowly due to the electrosorption saturation. The electro-
sorption capacities of pristine and TiO2-deposited CNT electrodes ob-
tained at different electrical voltages are depicted in Fig. 6d. At a higher
applied voltage, the NaCl electrosorption capacity evidently increases
with operation time, indicating that the higher voltage leads to a
greater NaCl removal amount owing to the stronger electrostatic in-
teraction. Additionally, at any certain voltage, the electrosorption ca-
pacity of CNT@20TiO2 electrode is much higher than that of pristine
CNT electrode, demonstrating an enhanced CDI performance. The
electrosorption capacity of CNT@20TiO2 electrode was calculated ac-
cording to Eq. (1) as 3.33 and 5.09mg/g at 1.2 and 1.6 V, respectively,
which is much higher than those (1.35 and 3.13mg/g, respectively) of
the pristine CNT electrode, and exceed those of many other CDI elec-
trode materials [10,13,14,54–56]. Meanwhile, it should be worthwhile
noting that, there exist a relatively slight conductivity reduction which
can be ascribed to the smaller weight of CNT membrane electrode in
our work compared with other literature. Table 1 summarizes the
electrosorption capacities of CDI electrode materials, proving that the
CNT@20TiO2 electrode is superior than other electrodes. This superior
desalination capacity of the CNT@20TiO2 electrode can be attributed to
the improvement in hydrophilicity and the increase in the number of
adsorption sites for ions under electric field by the participation of ti-
tanium atoms [57]. It is noted that the salt adsorption capacities of
CNT@40TiO2 and CNT@60TiO2 are lower than that of CNT@20TiO2

under a certain voltage though they possess relatively large CV en-
circled areas, which can be ascribed to the decrease of bulk con-
ductivity and effective electrosorption sites on the electrodes.

3.5. Regeneration and reusability of CNT@20TiO2 electrodes

The regeneration and reusability of the CDI electrode materials is
the most significant factor for practical application. To evaluate the
regeneration stability of the CNT@20TiO2 membrane electrode, a
multiple electrosorption-desorption experiment was carried out, in
which the electrosorption voltage was 1.2 V and the desorption voltage
was 0 V. The conductivity variation of NaCl solution during electro-
sorption and desorption cycles is shown in Fig. 7a. When the voltage
was applied, the conductivity of the salt solution quickly decreased.
After the electrosorption process, the charge voltage was short-circuited
and the adsorbed ions were released from the electrode surface to the
bulk solution. No appreciable decrease in the solution conductivity is
observed, indicating that the CNT@20TiO2 electrode has good stability
in multiple electrosorption-desorption cycles. Fig. 7b displays the
electrosorption capacities of the CNT@20TiO2 electrode during the four
cycling operations which are 3.42, 3.48, 3.31 and 3.20mg/g, respec-
tively. It can be seen that there was no obvious decline in removal
capacity after multiple regeneration cycles, indicating that the elec-
trode has an excellent and stable reusability for CDI. Therefore, the
TiO2-deposited CNT membrane can be considered as a promising
electrode material for CDI applications.

4. Conclusions

In summary, we have demonstrated the successful modification of
CNT membranes via atomic-layer-deposited TiO2 to produce superior
CDI electrodes. The surface coverage of CNTs and TiO2

Fig. 7. (a) Desalination-regeneration curves and (b) electrosorption capacities
of the CNT@20TiO2 electrode at 4 cycles.
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nanoparticulates loading amounts could be precisely controlled by the
ALD cycle numbers. The wettability of the TiO2-deposited CNT mem-
brane is progressively transformed from strongly hydrophobic to hy-
drophilic. Compared to pristine CNT membrane, the functionalized
CNT electrode with moderate ALD cycles presents the preferable elec-
trochemical behavior. The CDI performance is dramatically improved
by the CNT@20TiO2 membrane electrode which displays a good re-
generation and reusability performances. This “ALD on carbon sub-
strates” strategy is expected to extend to fabricate other electrochemical
materials for various applications in addition to desalination.
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