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Fabrication of titanium carburizing electrodes for
capacitive deionization
Wang Li, Lei Lei, Zhou Yun and Fu Jiangtao

ABSTRACT
Titanium carburizing electrodes were used as the electrodes in a capacitive deionization (CDI)
process for desalination in this study. Two methods of high vacuum magnetron sputtering and
chemical deposition were used for the preparation of nano-titanium carburizing electrodes (named
Ti-C* and Ti-C**). By comparing the adsorption capacities of different kinds of electrode material,
combined with physical and chemical characteristics and electrochemical analysis, the method of
high vacuum magnetron sputtering to prepare Ti-C* electrodes have been proved successful for the
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CDI process. The results show that under the same conditions, the adsorption capacity of Ti-C* and
Ti-C**were 9.6 mg/g and 7.12 mg/g, respectively. The Ti-C* electrodes showed a higher ion
electrosorption capacity than Ti-C** and the electrodes can be easily regenerated, indicating
excellent recyclability. This study provided a novel method to fabricate titanium carburizing
electrodes in CDI process and might lead to the improvement of the CDI desalination performance in
an industrial practical application.
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INTRODUCTION
Due to breakneck economic growth, urbanization industrial
and agricultural activities have taken a great toll on largescale exploitation and contamination of water resources
(Oren ). The desalination process converts seawater,
brackish water, and salty waste water from industrial processes into affordable fresh water and is one of the key
strategic solutions to resolve the severe crisis of water
resource shortages (Bouhadana et al. ).
Several desalination technologies including distillation,
reverse osmosis, nano ﬁltration, ion exchange, electrodialysis, membrane distillation, multi-effect distillation, multistage ﬂash, and electric desalination have been explored
(Gambler & Badreddin ; Ba & Economy ; Sen
et al. ; Zhao & Zhu ; Kang & Cao ; Turek
et al. ; Hilal et al. ; Özgür et al. ). Capacitive
deionization (CDI) has many advantages, such as low
energy consumption, low costs for operation and maintenance, and no secondary pollution, and is simple compared
with the traditional desalination technologies.
CDI is an electrochemical process for removing salt
from aqueous solutions by taking advantage of the excess
doi: 10.2166/wst.2017.210
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ions adsorbed in the electrical double layer region at an electrode–solution interface when the electrode is electrically
charged by an external power supply (Hou & Huang ).
The desalination and regeneration process in CDI is
shown in Figure 1. The deionization process is shown in
Figure 1(a) and the regeneration process in Figure 1(b). It
is clear that the electrode is the core component of CDI
cells, thus the electrode’s electrochemical and physical
characteristics are the main inﬂuential factors for CDI desalination in aqueous solutions (Welgemoed & Schutte ).
Materials mentioned in the paper by Kim & Choi (),
such as activated carbon, carbon aerogel, carbon nanoﬁbers,
and carbon nanotubes can be used as electrosorption electrodes. Although activated carbon can be easily obtained,
carbon aerogel, carbon nanoﬁbers, and carbon nanotubes
have better electrosorption performance in the electrode
surface, electrical conductivity, and speciﬁc surface areas.
The composite nanomaterials are regarded as attractive candidates for electrode material for CDI. Wang et al. ()
reported the use of carbon nanotubes and nanoﬁbers
(CNTs–CNFs) composite ﬁlm electrodes with a low-cost,
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The prepared nano-titanium carburizing electrodes were
applied to construct a CDI desalination reactor.

EXPERIMENTAL
Fabrication of nano-titanium carburizing electrodes
Two methods of high vacuum magnetron sputtering and
chemical deposition were used for the preparation of
nano-titanium carburizing electrodes (named Ti-C* and
Ti-C**). The following steps introduce the preparation of
the electrode process in detail and the electrode fabrication
process is shown in Figure 2:

Figure 1

|

Schematic diagram of deionization process (a) and regeneration process
(b) in CDI.

large area. Pan et al. () used carbon nanotube and nanoﬁber (CNT–CNF) composites as CDI electrode material.
The results of these studies are promising with respect to
the suitability of CNTs as electrode material. More recently,
Peng et al. () reported three-dimensional micro/
mesoporous carbon composites with carbon nanotube
networks for CDI and have shown its high surface area,
suitable pore size/volume and special interconnected
micro/mesoporous structure, superior electrochemical and
CDI performances.
In this study, double interface deposited electric ions
nano-titanium carburizing porous electrodes were fabricated.

Figure 2

|

The electrode fabrication process.
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(1) Titanium sheet polishing by sandpaper: The Ti sheets were
cut into 10 mm × 30 mm × 1 mm pieces for use (Baoji Titanium Constant Sharp Titanium Anode Products Co., Ltd,
Bao Ji, China). The surface of the Ti sheets was polished
to be ﬂat and smooth with sandpapers of 500 mesh,
800 mesh, 1,200 mesh, and 1,500 mesh.
(2) Polishing by polishing liquid: The sample Ti sheets were
ultrasonically cleaned in acetone (to remove the oil on
the surface), ethanol (to remove the acetone), and
deionized water (DI) water (to remove the ethanol) for
3 min. Then, they were chemically polished with polishing
liquid (volume ratio of H2O, HNO3, and HF was 5:4:1),
ultrasonically cleaned for 10 s in the polishing liquid and
washed with DI water for 5 min. The sample Ti pieces
were dried in an oven and stored in a vacuum dryer.
(3) Anodization by electrochemical methods: The preparation of TiO2 nanotube arrays by the anodic
oxidation method used ﬂake graphite as the cathode
and the sample Ti sheets in step (2) as anode. Two electrodes were placed in parallel in a beaker of electrolyte,
and voltage was applied on the electrodes. The electrolyte contained the volume fraction of 90% glycol, 5%
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methanol, 5% of the DI water, and the mass fraction of
0.5% ammonium ﬂuoride. The whole device was put
into a constant temperature heating magnetic stirrer
and stirred at 25 C at 100 rpm.
TiO2 nanotube arrays with different lengths and different diameters were made with the parameter (voltages,
the voltage boost rate, and anodizing time) changes
during the anodizing process. In this experiment, the
voltage boost rate was 0.1 V/s, starting from 0 V to 5 V
and maintained for 3 min, and then from 5 V to 60 V
to ﬁnd the maximum current and maintained for
45 min. To end the anodizing process the high speed
and high precision DC programmable power supply
was turned off. The anodizing electrodes were taken
from the electrolyte and rinsed immediately with DI
water, then the dry electrode samples were stored in
the vacuum dryer.
(4) Magnetron sputtering in high vacuum circumstances:
The sample anodization Ti sheets from step (3) were
ultrasonically cleaned in acetone and ethanol for
5 min, then washed in DI water and dried with a
rubber suction bulb. In this study, a FJL500 type highvacuum multi-functional magnetic control and ion
sputtering apparatus were used. With graphite (purity
99.999%) as the target, Ar (ﬂow rate of 36 sccm) as the
sputtering gas, the sputtering power was 200 W, and
the working air pressure 1.2 Pa. The sample was
cooled down under the protection of nitrogen and
labeled as Ti-C*.
(5) Chemical deposition: The anodization Ti sheets from
step (3) were put in a vacuum tube furnace ﬁlled with
argon. Then under the protection of 15 L/min argon,
the temperature was increased to 850 C with a temperature boost rate of 15 C/min. Then, the argon was
changed to acetone atmosphere, to make it pass an
acetone solution. The acetone was put into a reaction
chamber and reacted for 2 h. After the reaction was ﬁnished, natural cooling to room temperature under the
protection of argon took place. Then, the samples
were removed and ultrasonically cleaned in DI water
for 2 min, ethanol for 2 min, then washed in DI water
and dried with a rubber suction bulb. The sample was
labeled as Ti-C**.
W
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CDI unit, a DC power supply, and a conductivity meter.
Two kinds of electrodes, Ti-C** and Ti-C*, were installed
into the CDI unit separately for salty water desalination
experiments. The effective mass of the electrode material
was 1.24 g. The NaCl solution concentration was 50 mg/L
(electronic conductivity was 129 μs/cm), the total liquid
volume was 100 mL with a ﬂow rate of 10 mL/min, the
space between electrodes was 4 mm, the inlet ﬂow rate
was 20 mL/min, and the working voltage was 1.4 V. The
conductivity of the solution was measured at regular intervals by a conductivity meter. The desalination efﬁciency
was calculated according to the following formula:
η¼

C0  Ct
× 100%
C0

(1)

where η is the desalination efﬁciency, C0 is the initial conductivity, and Ct is the saturation conductivity.
Measurements
The surface morphology characteristics of Ti-C* and
Ti-C**electrodes were observed by scanning electron microscope (Nova 400 Nano SEM, FEI, Hillsboro, USA). The
Brunauer–Emmett–Teller (BET) speciﬁc surface areas of
Ti-C* and Ti-C**electrodes were measured by surface area
and pore size distribution analyzer (ASAP2020, Micromeritics
Instrument Corporation, Quantachrome Instruments, USA).
Cyclic voltammetry (CV) curves and AC impedance spectra
were obtained by using a CHI660E electrochemical workstation (Shanghai CH Instruments Co. Ltd, Shanghai, China).

RESULTS AND DISCUSSION

W

Desalination experiments
The experimental process of the CDI desalination system
consisted of a beaker, a peristaltic pump, a ﬂow meter, a
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Characterization of Ti-C** and Ti-C* materials
Surface characterization
The SEM images of the Ti-C** and Ti-C* surface are shown
in Figure 3(a) and 3(b), respectively. Spectrum 1 and Spectrum 2 are the energy dispersive X-ray spectroscopy (EDS)
energy spectrum of Ti-C*. The surface morphology of
these two kinds of electrodes can be clearly seen from the
100,000 times’ magniﬁcation, which is arranged in neat
arrays of nanotubes, and provides a large speciﬁc surface
area for ion adsorption. The nano-titanium tube electrode
surface of Ti-C* was covered with an uneven arrangement
of carbon balls, which increased the available surface area
for adsorption. In the EDS energy spectrum, there are
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SEM images of electrode materials: (a) Ti-C** and (b) Ti-C*; Spectrum 1 and Spectrum 2 are the EDS energy spectrum diagram of Ti-C* material.

obvious C signals besides the Ti and O signals. Therefore, it
is clear that the magnetron sputtering in high vacuum circumstances and chemical deposition methods are feasible
for CDI electrode fabrication.
BET speciﬁc surface area
The BET speciﬁc surface areas of the Ti-C** and Ti-C*
electrodes were measured as 448 m2/g and 117 m2/g,
respectively, by the N2 adsorption/desorption isotherm.
The results show that the pores are mainly constituted of
micro-pores.
The results show a slight decrease of the BET speciﬁc
surface area for the PPy/CNT electrode, which is probably
because the wrapping of the PPy layer on the CNTs
increases the diameter of the nanotube composites.
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Characterization of Ti-C** and Ti-C* electrodes
Cyclic voltammetry curves
In the measurements, the titanium carburizing electrodes
were used as the working electrode, while a saturated
calomel electrode and a Pt electrode were used as the
reference and counterpart electrode, respectively. The
electrolyte solution was 0.5 mol/L NaCl. The CV
measurement was performed in a potential range of 0
to 1.0 V with scanning speed of 2 mV/s, 5 mV/s,
10 mV/s, and 30 mV/s.
Figure 4(a) and 4(b) show the two samples, Ti-C* and
Ti-C**. The calculated average speciﬁc capacitance value
of the electrodes evaluated by Equation (2) can be seen in
Table 1. At lower scanning speed, the pulse voltage has
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Comparing the CV curves and average speciﬁc capacitance value of the two different electrode materials, the
speciﬁc capacitance value of Ti-C* was larger than
Ti-C**. The CV curves showed good rectangular characteristics, showing a typical double layer capacitance
characteristic. It can be concluded that under the action
of electric ﬁeld force, it can form a stable electric
double layer, and the electrode’s charge and discharge
performance is excellent.
AC impedance spectra

Figure 4

Table 1

|

|

The AC impedance spectra of the Ti-C* and Ti-C** electrodes were tested by the CHI660E electrochemical
workstation with a three electrodes system. The working
electrode had a surface area of 1 cm2. The electrolyte solution was 0.5 mol/L NaCl, and the frequency range was
between 0.01 Hz and 100 KHz. The AC impedance spectra
of Ti-C* and Ti-C** are shown in Figure 5.
As shown in Figure 5, the AC impedance spectra curve
of Ti-C* was almost a straight line in the high frequency
area, and the AC impedance spectra curve of Ti-C** was
a large semicircle in the high frequency area. This implied
that the diffusion resistance of the ions in the interface of
the liquid and Ti-C** electrode was greater than for
Ti-C*. In the low frequency area, the electrolyte ion diffusion resistance was represented by the straight part in the
horizontal projection of the internal electrode resistance.
The electrical characteristics of the Ti-C* electrode are
close to that of pure capacitance. The diffusion resistance
of ions in the Ti-C* electrodes is less than Ti-C**.

The CV curves of Ti-C* and Ti-C**.

Calculated average speciﬁc capacitance value of the electrodes

Scanning speed
Electrodes

2 mV/s

5 mV/s

10 mV/s

30 mV/s

Ti-C*

56.2 F/g

41.9 F/g

28.3 F/g

10.4 F/g

Ti-C**

45.1 F/g

30.9 F/g

16.2 F/g

7.5 F/g

relatively more time in the pores of the electrode, and the
average amount of capacitance is larger.
Ð E2
i(E)dE
C ¼ E1
(2)
(E2  E1 )=mv
where E1, E2 (V) are the initial and ﬁnal potential, respectively, i(E) is the response current, v (V/s) is the potential
scan rate, and m (g) is the mass of active component in
the electrode.
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Figure 5
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AC impedance spectra of Ti-C* and Ti-C** electrodes.
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Desalting performances by Ti-C** and Ti-C* in CDI
process
Two kinds of electrodes, Ti-C** and Ti-C*, were installed
into the CDI unit separately for salty water desalination
experiments. As shown in Figure 6, desalination ability
increased with the increase of running time, the conductivity of salt decreased from 129 μs/cm to 68 μs/cm in
37 min in the Ti-C* CDI unit; the desalination rate
reached 47.3%, and the desalination rate in the Ti-C**
CDI unit reached 35.0% at the same operational parameters. The adsorption capacity of the two electrodes
was calculated, that of the Ti-C* electrode was 9.61 mg/g,
and the adsorption capacity of the Ti-C** electrode was
7.11 mg/g. In the process of CDI, the electrode material
with higher capacitance has a higher salt removal
efﬁciency.
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Further, the regeneration performance of Ti-C* and
Ti-C** electrodes is excellent. Figure 6(b) shows three
successive runs of absorption/desorption cycles. The regeneration of Ti-C* and Ti-C** electrodes was obtained at
almost 100%. Ti-C* demonstrates a better recyclability
than Ti-C**. It can be seen that the good performance of
Ti-C* and Ti-C** cells could be maintained for multiple
cycling operations. Hence, Ti-C* and Ti-C** electrodes
have great potential as high-performance cathode material
for CDI technology.

CONCLUSIONS
In this study, two ways were presented to fabricate titanium
carburizing electrodes for CDI. As shown in the SEM, the
two materials were covered with an uneven arrangement of
carbon balls. The surface area and pore size distribution analyser test suggested the advantages of a large speciﬁc surface
area and developed pores. In the electrochemical test, the
Ti-C* and Ti-C** electrodes showed a high speciﬁc capacity
and good charge–discharge properties and impedance
characteristics. In addition, the Ti-C* electrodes showed a
higher ion electrosorption capacity than Ti-C** and the electrodes can be easily regenerated, indicating excellent
recyclability. The adsorption capacity of the Ti-C* electrode
was 9.61 mg/g and the desalination efﬁciency was 47.3%.
The two electrodes both had a good cycle performance.
Hence, the Ti-C* composite was demonstrated to be a promising cathode material for CDI technology.
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