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Abstract
Capacitive deionization (CDI) is an effective method for desalination of brackish water to alleviate the
global freshwater crisis. Obtaining high desalination capacity is the primary focus of this �eld. Based on
electrical double layer (EDL) theory, current research is mainly devoted to increasing the speci�c surface
area of electrode materials, however, the NaCl adsorption capacity is typically limited to the range of 10 -
20 mg g−1. In this work, we propose a new design paradigm of using a vertical-aligned nanotubular
structure for CDI. This design allows ions to be temporarily held inside the electrodes like ships docked in
a harbor (ion-docking effect, IDE) due to the greatly diminished water �ow inside the tubes, thus
enhancing the desalination capacity. As a result, the obtained CDI device based on vertical-aligned
nanotubular P-TiO2 arrays shows an ultra-high NaCl adsorption capacity of ~60 mg g−1 within 30

minutes in 0.01 mol L−1 NaCl solution under 1.2 V, corresponding to a rapid average adsorption rate of 2
mg g−1 min−1. Moreover, the adsorption capacity could be further increased up to 121 and 136 mg g−1

under 1.2 and 1.5 V for 2.5 hours adsorption, respectively, but still far from its equilibrium value. Finally,
experiments and theoretical simulations are combined to further understand the IDE in CDI. This work
highlights the discovery and the utilization of IDE in CDI, and provides new guidance for the design of CDI
electrodes and can facilitate the development of CDI technology.

Introduction
In recent years, the freshwater crisis has become a global issue owing to the growing population and the
environmental pollution.1–2 Desalination is an effective method of acquiring freshwater from brackish
water to alleviate this crisis.3–6 Current prevailing desalination technologies like distillation, reverse
osmosis, and electrodialysis usually suffer from some drawbacks, including high energy consumption,
secondary pollution, tedious operation, etc. Due to the low energy consumption and high e�ciency,
capacitive deionization (CDI) is proved to be a promising desalination technology based on the electrical
double layer (EDL)7–9 theory, and has drawn intensive attention.10–14

During the CDI process, a low voltage (e.g. 1.2 V) is applied to the electrodes producing positively and
negatively charged poles. The cations (e.g. Na+) are attracted to the negative electrode while the anions
(e.g. Cl−) are attracted to the positive electrode to form the EDL, respectively, thereby are removed from
the brackish water. The overall CDI performance is determined by two consecutive steps, namely ion
migration and ion adsorption. In the step of ion migration, salt ions migrate from the brackish water
stream into the electrode materials driven by the electrostatic forces. In the next step of ion adsorption,
salt ions are adsorbed on the electrode materials based on EDL and are held in place, allowing freshwater
to �ow out. The majority of the previous efforts has been devoted to enhancing the ion adsorption by
increasing the capacitance, electrical conductivity, and most importantly, the speci�c surface areas of the
electrode materials.15–18 For example, an excellent adsorption capacity of 45 mg g−1 was achieved using
MXene aerogel electrodes in comparison with the restacked MXene electrodes with low speci�c surface
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area. Although a few encouraging results have been reported, the NaCl adsorption capacity is typically
limited to the range of 10 - 20 mg g−1,15 which is mainly due to limitation of the EDL mechanism.

This close examination of the CDI process has made us realize that ions do not necessarily have to form
the EDL on the surface of the electrodes in order to be removed from the brackish water, as long as they
are separated from the main water stream, the salt adsorption capacity can be improved. Bearing this in
mind, we shift our focus to achieving the ion separation. Generally, when the ions migrate into but are not
yet captured by the electrode materials, they remain free, and due to the prevailing rough surface and
interconnected porous structure design paradigms of most current electrode materials, these ions can be
easily brought back to the main stream by the �owing water (Scheme 1a). However, if these free ions are
not disturbed by the water �ow after entering into the electrode materials, they can be temporarily held
inside the materials like ships docked in a harbor (ion-docking effect, IDE), and thus separated from the
main water stream. Due to this additional contribution, the adsorption capacity can be greatly improved
(in this work, we continue to use “adsorption” and “desorption” in order to be consistent with the
commonly used terminologies, although some ions are not technically adsorbed to and desorbed from
the surface). Therefore, we propose a vertical-aligned tubular array structure for the electrode materials to
dock the ions inside the materials. Once the ions migrate into the tubular channel, they are separated
from the main water �ow. Since all tubes are long and not interconnected with each other, effect of water
�ushing is greatly diminished and the major force driving the ions back into the main water �ow is the
concentration gradient, which is compensated by the electrostatic force. As a result, the ions are held in
place in the channel even if they are not con�ned in the EDL, making each tube acts like a concentrated
brackish water reservoir, thus greatly enhancing the adsorption capacity (Scheme 1b).

Herein, we use a phosphated TiO2 (P-TiO2)-based vertical-aligned nanotubular structure for CDI as the

example to verify the IDE. The device displayed an ultra-high NaCl adsorption capacity of ~60 mg g−1

within 30 minutes in 0.01 mol L−1 NaCl solution under 1.2 V, corresponding to a rapid average adsorption
rate of 2 mg g−1 min−1. Moreover, the adsorption capacity could be further increased up to 121 and 136
mg g−1 under 1.2 and 1.5 V for 2.5 hours adsorption, respectively, without reaching the equilibrium,
indicating that the ions were not only con�ned in the EDL but also docked inside the nanotubes. These
values are approximately one order of magnitude higher than those EDL-based CDI devices, therefore, this
preliminary work of using vertical-aligned nanotubular structure for CDI opens up new avenues toward
the structural design of electrodes based on IDE for highly e�cient CDI and other related applications.

Results And Discussion
The vertical-aligned P-TiO2 nanotubular arrays were fabricated by a two-step anodization method,

followed by phosphorization (Figure 1a).19 The phosphorization process was necessary to enhance the
electrochemical capacitance as well as the electrical conductivity (Figure S1a-c and Table S1). In
addition, P-TiO2 displayed remarkable cyclic stability, ful�lling the basic requirements for CDI electrodes
(Figure S1d). The morphology was then studied by scanning electron microscopy (SEM). The top-view of
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P-TiO2, as shown in Figure 1b and Figure 1c, revealed that the material displayed a highly ordered
nanotubular structure with an average inner diameter of ~100 nm and a wall thickness of ~30 nm. The
cross-section view of P-TiO2 showed a thickness or nanotube length of ~8 µm (Figure 1d). As shown in
Figure 1e, the nanotubes were uniform in size along their length, and no interconnections could be
observed between them. To further understand the atomic structure and composition of the P-TiO2, X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and energy-dispersive X-ray spectroscopy
(EDX) analyses were carried out. As shown in Figure 1f, the as-prepared TiO2 before phosphorization
showed the crystal phase of titanium substrate, indicating its amorphous structure, while the P-TiO2

displayed the standard anatase phase (JCPDS-21-1272). This structural change was attributed solely to
the high temperature used for phosphorization since the TiO2 (A-TiO2) prepared under the same condition
as P-TiO2 without addition of the phosphorization agent showed the same diffraction pattern. The
existence of phosphorus in P-TiO2 was con�rmed by the XPS (Figure S2) and EDX results (Figure S3).

The O 1s spectrum shown in Figure 1g clearly demonstrated the phosphorus groups19 were present in the
form of Ti-O-P and O-P, which were located at 532.0 and 533.5 eV, respectively. The other surfaces oxygen
species of the P-TiO2 located at 530.2, 530.7, and 531.2 eV were attributed to lattice oxygen (Ti-O),20

defects,21 and surface hydroxyl groups (Ti-OH),22 respectively.

To prove our IDE concept, a prototype of CDI was designed as shown in Figure 2a. The device was
assembled from a home-made CDI cell, a separator, a cation-exchange membrane, an anion-exchange
membrane, and electrodes (i.e. vertical-aligned nanotubular P-TiO2 arrays) (Figure S4). The NaCl solution
was cycled in the CDI system (Figure S5) and the NaCl concentration was in-situ analyzed via a
conductivity meter. During the desalination process, the NaCl concentration regularly decreased from
~590 mg L−1 to ~550 mg L−1 within 30 minutes under 1.2 V (Figure 2b), corresponding to a salt
adsorption capacity of approximately 60 mg g−1 and an average adsorption rate of 2 mg g−1 min−1. For
comparison, P-TiO2 powders and P-TiO2 random nanotubes were synthesized to prepare CDI electrodes.
Figure S6 showed the schematic structures of the three electrodes, and SEM images of the electrodes
based on P-TiO2 powders and P-TiO2 random nanotubes were presented in Figure 2c, respectively. As
shown in Figure 2d, CDI devices based on P-TiO2 powders and P-TiO2 random nanotubes exhibited NaCl

adsorption capacities of 11 and 18 mg g−1, respectively, corresponding to 18% and 30% of the device
based on vertical-aligned nanotubular P-TiO2 arrays. In the case of P-TiO2 powders, the ions present in
the interparticle pores were able to be �ushed back to the main water stream due to the interconnected
structure, therefore, the salt adsorption capacity was solely contributed by the ions held by the EDL. While
in the case of P-TiO2 random nanotubes, due to the random orientation of the nanotube openings, it was
di�cult for the ions to enter the nanotubular channels, i.e., IDE was not signi�cant, thus the salt
adsorption capacity was slightly enhanced compared to P-TiO2 powders but still much lower than
vertical-aligned nanotubular P-TiO2 arrays. These results indicated that the presence of IDE could
dramatically enhance the performance of CDI devices. Moreover, the NaCl adsorption capacity of vertical-
aligned nanotubular P-TiO2 arrays was still well below its equilibrium after 30 minutes, and reached up to
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121 mg g−1 by prolonging the adsorption time to 2.5 hours. This value can be further improved to 136 mg
g−1 when the applied voltage was increased to 1.5 V (Figure 2e). These values were very remarkable,
being approximately one order of magnitude higher than those EDL-based CDI devices, especially
considering the low speci�c surface area of the tubular arrays (Figure S7). Figure 2f showed the
comparison of the NaCl adsorption capacity as a function of time for our work and the reported works,
where the GO/TiO2,23 AC,24 N-porous carbon,25 N-graphene,26 graphene/V2O5,27 MoS2,28 MXene29–30 and

porous Ti3C2Tx
15 were taken into consideration. The NaCl adsorption capacity of a large proportion of

materials falls into the range between 10 to 20 mg g−1 (the orange region in Figure 2f). It is evident that
the vertical-aligned nanotubular P-TiO2 arrays outperformed in terms of both the salt adsorption capacity
and salt adsorption rate, indicating that our CDI device is very promising in the desalination applications.

Next, in order to further understand IDE, the ion desorption behavior of the vertical-aligned nanotubular P-
TiO2 arrays was investigated. As shown in Figure 3a, the ions removed from the brackish water could not
be completely released within 30 minutes after the removal of electric �eld, and it was the same under
different desalination times (Figure S8). This phenomenon was different from the desorption curves of
previous reports15, 23 and the P-TiO2 powder (blue line in Figure 3a), in which the adsorbed ions were
completely released in a short period of time. In the meantime, the �ow velocity of the main water stream
barely affected the desorption behavior of the vertical-aligned nanotubular P-TiO2 arrays (Figure 3b),
while in the case of P-TiO2 powder, the ion desorption rate slowed down clearly with the decrease of the
�ow velocity, as shown in Figure 3c. These results once again proved our concept of IDE. Due to the
current design paradigm of rough surface and interconnected porous electrode materials, the adsorbed
ions could be �ushed away easily once the electric �eld disappeared, thus presenting a complete, rapid,
and water-�ow-velocity-dependent desorption behavior. However, in the case of vertical-aligned
nanotubular P-TiO2 arrays, the ions inside the nanotubular channels were relatively independent of the
in�uence of the water �ow, i.e., the IDE was signi�cant, only the concentration gradient would act as the
driving force forcing the ions to diffuse back into the main water stream, leading to a slow ion desorption
behavior. However, by applying a reverse voltage of -1.2 V, the ions could be completed desorbed within
30 minutes due to the presence of additional electrostatic repulsion (black line in Figure 3a). Thanks to
this good reversibility, the device based on vertical-aligned nanotubular P-TiO2 arrays delivered an
excellent cyclic stability (Figure 3d), demonstrating its great potential in practical applications.

Finally, a mathematical model was proposed to simulate the ion desorption behaviors of the devices
based on powders and vertical-aligned nanotubular arrays under 0 V. It should be noted that the electrode
based on powders was approximated as a rough surface composed of triangles (Figure S9), and such
approximation should be applied to most electrodes stacked by functional materials including
nanoparticles, nanosheets, and nanowires. In order to model the process of ion desorption from the
nanotubular structure, we mainly considered the effect of the transportation of �uid �ow and the effect
from the unequal distribution of ions in space (more detailed information can be found in the Supporting
Information). We �rstly simulated the �ow �elds of both cases. Figure 4a showed the distribution of
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visual �ow �eld of rough surface, which revealed the water �ushing effect in the cavities of rough surface
(Scheme 1a), thus the ions could be easily brought back to the main stream by the �owing water during
the ion desorption process. However, for the case of tubular arrays, only the sur�cial water inside the
tubes was affected by the main stream, while the main part of the water body below remained stationary
(Figure 4b), thus making it possible to temporarily dock the ions inside the tubes, i.e. IDE. Subsequently,
the ion desorption behaviors in both cases were calculated. As shown in Figure 4c, the rough surface
showed a much faster ion desorption rate and a stronger dependence on the �ow velocity of the main
stream compared to tubular arrays. These simulation results were in good accordance with the
experiment data (Figure 3b-c), con�rming the existence and importance of IDE in the vertical-aligned
nanotubular P-TiO2 arrays designed above. In addition, to promote the practical application of IDE in CDI,
the effects of diameter and length of tubular structure on IDE were studied via simulation, and the results
indicated that IDE could be enhanced by increasing the length (Figure 4d) and decreasing the diameter of
the tubes (Figure 4e). The simulation results provide clear insights into the structural design of electrodes
for e�cient IDE-based CDI devices.

In summary, we demonstrated a new design paradigm for CDI by using a vertical-aligned nanotubular
structure, which displayed an ultra-high NaCl adsorption capacity of ~60 mg g-1 within 30 minutes in 0.01
mol L-1 NaCl solution under 1.2 V, corresponding to a rapid average adsorption rate of 2 mg g-1 min-1.
Moreover, the NaCl adsorption capacity reached up to 121 and 136 mg g-1 under 1.2 and 1.5 V,
respectively, by prolonging the adsorption time to 2.5 hours. The remarkable CDI performance of vertical-
aligned nanotubular structure was attributed to the additional contribution from IDE besides EDL, and
was illustrated by the combination of experiments and theoretical simulations. We believe this work
opens up new avenues toward the structural design of electrodes for highly e�cient CDI and other
electrochemical applications.

Methods
Experimental methods and any associated references can be found in the Supporting Information.
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Scheme 1 is available in the Supplemental Files section.
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Figure 1

The materials preparation and characterization. (a) Preparation of P-TiO2-based vertical-aligned
nanotubular structure. (b)-(c) SEM images of top-view of P-TiO2. (d)-(e) SEM images of cross-section
view of P-TiO2. (f) XRD patterns of as-prepared TiO2, anatase TiO2 (A-TiO2) and P-TiO2, respectively. (g)
XPS spectrum of O 1s of P-TiO2.
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Figure 2

The adsorption process of CDI experiments. (a) The CDI prototype integrated with electrodes. (b) The ion
adsorption curve of CDI device based on vertical-aligned nanotubes, inset presents the schematic
illustration of CDI device. (c) SEM images of electrodes based on P-TiO2 powders and random P-TiO2
nanotubes. (d) The time-dependent NaCl adsorption capacity of the CDI device based on P-TiO2 powders,
random nanotubes and vertical-aligned nanotubes, respectively. (e) The long-time ion adsorption curves



Page 12/13

of the vertical-aligned nanotubular P-TiO2 arrays under 1.2 V and 1.5 V, respectively. (f) The comparison
of NaCl adsorption capacity of this work with reported literatures, where the applied voltage is ~1.2 V and
the initial NaCl concentration is ~500 mg L-1.

Figure 3

The desorption process of CDI experiments. (a) The ion desorption curves of CDI devices based on P-
TiO2 powder under 0 V, and vertical-aligned nanotubular P-TiO2 arrays under -1.2 V and 0 V, respectively.
The effect of water �ow velocity on the desorption behavior of CDI device based on (b) vertical-aligned
nanotubular P-TiO2 arrays and (c) P-TiO2 powder. (d) The recyclability of the CDI device based on
vertical-aligned nanotubular P-TiO2 arrays.
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Figure 4

The mathematical simulation of ion desorption behavior. The distribution of visual �ow �eld for (a) rough
surface and (b) tubular arrays. (c) The spontaneous ion desorption curves of rough surface and tubular
arrays under varied �ow velocity. (d) The effect of tube length on IDE. (e) The effect of tube diameter on
IDE.
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