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a b s t r a c t
Pure aluminum (Al) plate modified by sodium hydroxide solution and electrochemical methods was 
used as the current collector for electrodes in capacitive deionization (CDI) process for desalination of 
NaCl solution. The experimental results show that the modification can greatly improve salt removal 
from the solution. Compared with the native Al plate and Ni foil current collector CDI electrodes, 
the modified Al plate CDI achieved a desalination capacity as high as 10.74 mg/g in 400 μs/cm of 
NaCl solution. The modification has greatly improved the contact of the current collector and the 
active material on the interface, leading to a decrease of interfacial and intrinsic resistance in CDI cell 
and enhancement of the electrical double layer capacitors (EDLCs) of the electrodes, which might be 
attributed to the improvement of the desalination.
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1. Introduction

Capacitive deionization (CDI) is an electrochemically 
controlled method for desalination. Anions and cations from 
aqueous solutions are adsorbed in the electrical double layer 
region at an electrode–solution interface when an electric 
potential is applied [1]. When electrodes are saturated with 
ions, different regeneration modes may be employed, such 
as electrodes shortening, potential off, or electrodes revers-
ing [2–4]. As a water treatment method, it is environment 
friendly, energy saving, promising high water recovery, and 
easy operation [5].

The components of conventional CDI cell including cur-
rent collectors, electrode-active material, gaskets, spacer, 
water distribution channels, etc. [6,7]. Researches on CDI 
were focused on the electrode-active material in recent years 
[1,8]. However, few researches were conducted on current 
collector, which is one of the core components of CDI. The 
function of the current collector is to transfer electrons and 

current from DC power to the active material and to serve as 
supporter for the active material. To enhance operation effi-
ciency, a low interfacial resistance is required to avoid a large 
voltage drop from the electrode to the current collector [8], In 
other words, the active material should firmly adhered with 
the current collector to reduce the interfacial resistance and 
enlarge the electrical double layer capacitors (EDLCs). The 
capacitance of CDI can be represented by to the following 
equation:

C =
×
I

m dV dt/  (1)

where C is the capacitance, I is the constant discharge current 
in ampere (A), m is the mass of the active material, and dV/dt 
is the slope in potential per second (V/s). Higher interfacial 
resistance caused the larger slope of potential leading to a 
decrease in capacitance. Besides, lower intrinsic resistance of 
the current collector will reduce the potential drop of elec-
trode and enlarge the capacitance. Furthermore, because 
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water flushed the surface of electrodes, lower adhesion 
between the active material and the current collector limits 
the lifetime of CDI, and it is important to improve the active 
material/current collector interface contact behavior to rein-
force the CDI performance.

The widely used current collector materials include 
graphite [9–18], titanium (Ti) plate [19–21], stainless steel 
(SS) plate [22,23], nickel (Ni) plate (foil) [24,25], copper [26], 
and others [27,28], with their electrical conductivity and 
excellent formability. However, few words were depicted on 
the interfacial resistance and contact behavior of the active 
material/current collector, as well as the influence of intrinsic 
resistance of these current collector materials on CDI in these 
researches. These researches actually illustrated the overall 
properties of CDI electrode, instead of partial on the elec-
trode’s active material. The desalination results are naturally 
biased and deficient.

Aluminum (Al) is widely used as the current collector in 
lithium-ion batteries [29,30], capacitors, and super capacitors 
[31,32] because of its low cost, electrical conductivity, density, 
malleability, and formability. The electrical conductivity and 
intrinsic resistance of Al is much better than those of graphite, 
Ti, SS, and Ni. The corrosion stability of Al in typical electrolytes 
of lithium-ion batteries has been proven by many researchers 
[30,33]. However, no research has investigated the use of Al 
as current collector on CDI. In this work, pure Al plate cur-
rent collectors for CDI electrodes were modified with alkaline 
and electrochemical etching process, and active carbon (AC) 
powder was used as the active material to fabricate CDI elec-
trodes. The objective was to cover the pore surface of electro-
chemically etched Al plate to increase the surface contact at the 
Al/active material interface, to improve the contact behavior, 
to reduce the interfacial resistance and intrinsic resistance of 
the EDLCs, and to obtain an understanding of the mechanism 
of modified Al plate as the current collector. Comparative 
studies were conducted on desalination performance and elec-
trochemical properties of different CDI electrodes with modi-
fied pure Al plate (M-Al-CDI), Ni foil (Ni-CDI), and native Al 
plate (N-Al-CDI) as the current collectors.

2. Materials and methods

2.1. Materials

The high purity commercial Al plate used in this research 
was bought from Guocai Keji (China). Analytical pure chem-
icals for Al plate pretreatment and etching, and ingredi-
ents of the active materials and sodium chloride (NaCl) for 
the preparation of electrolytic solution were from Zhiyuan 
Chemical Reagent Co. Ltd. (Tianjin, China). Polyvinylidene 
fluoride (PVDF) as the binder for electrode preparation was 
from Solvay (Solef 1015, Belgium).

2.2. Pretreatment and etching process of Al plate

The native pure Al plates were first cut to the designed 
shape (65 mm * 65 mm * 0.6 mm with 0.5 mm * 3.5 mm piece 
as electrode terminal, weighting 5.8 g) with scissors. The 
edges of the specimens were polished to be free of burr by 
sand papers (400 and1,000 in mesh). The specimens were 
then treated by acetone degreasing, followed by etching with 

5% NaOH solution at 60°C for 2 min and desmutting in 20% 
HNO3 solution for 2 min. The electrochemical etching was 
conducted to form micropores on the surface (Al plates as 
the anode and lead as the cathode) in 50°C 10% HCl solu-
tions for 60 s with the current density of 1.5 A/dm2. After each 
step was completed, the specimens were completely rinsed 
in deionization water to prevent a carryover of the chemicals 
into the next step.

2.3. Fabrication of electrodes

PVDF solution was prepared by 5 g of PVDF, 35 mL of 
N-dimethylacetamide (DMAC), and 5 mL of polyethylene 
glycol (PEG-600), and the solution was placed into an ultra-
sonic dissolving machine for 4 h at 60°C. PEG-600 was used 
as hydrophilic material because of the hydroxyl in mol-
ecule [34]. Then 1 g of graphite powder (325 in mesh) and 
20 g of AC powder (325 in mesh, modified by KOH solution 
[15,35,36]) were added into the solution at 60°C and stirred 
into slurry with glass rod.

The active material slurry was evenly casted on both 
sides of the modified Al plate with a blade to form a sym-
metrical electrode, dried in a vacuum oven at 80°C for 4 h 
to remove DMAC residual on the electrode, pressed on the 
bead machine, dried in the vacuum oven at 150°C for 2 h, 
and cooled in the room temperature. The mass of the active 
material weight density was 12 mg/cm2.

2.4. Desalination experiments setup

Capacitive desalination experiments were conducted in a 
continuously circulated mode at room temperature, and the 
schematic diagram was given in Fig. 1. It consisted of a CDI 
cell, a peristaltic pump (6–50 mL/min, G02A, Runze, Nanjing, 
China), a conductivity meter (TM-03, Leici, Shanghai, China), 
and a DC power (IT6724C, ITECH ELECTRONICS, Nanjing, 
China). The CDI cell consisted of a pair of symmetrical AC 
powder electrodes, and the gap between electrodes was 
1.9 mm. The CDI cell had a good expansibility because 
the electrodes could be expanded to the required num-
bers according to the ionic concentration of feed water and 
requirements of effluents. The effective volume of the CDI 
cell was 40 mL. The brine water (100 mL NaCl solutions with 
conductivities of 100, 200, 300, and 400 μs/cm) was contin-
uously pumped into the CDI cell by peristaltic pump with 
a flow rate of 6 mL/min at the voltage of 1.4 VDC at room 
temperature, the feed pressure is 20 kPa. The production 
water conductivity was measured every 2 min by conduc-
tivity meter. Desorption experiments were conducted with 
a flow rate of 50 mL/min. The desalination capacity Q (mg/g.

AC) could be calculated according to the following equation:

Q
C C V

m
=

− ×( )0 NaCl  (2)

where C0 and C (mg/L) represent the influent and treated 
stream total dissolved solids, respectively, VNaCl (ml) is the vol-
ume of NaCl solution, and m (g) is the mass of AC. The desali-
nation ability of three CDI electrodes with different current 
collectors was compared at the same operation parameters.
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2.5. Measurements

The morphology and microstructure of the NaOH, 
electrochemically etched Al plate, and active material were 
examined using scanning electron microscope (SEM, JSM-
6610, JEOL, Japan). The electrochemical behaviors of AC CDI 
electrodes were monitored using cyclic voltammetry (CV) 
and electrochemical impedance spectroscopy (EIS) param-
eter analysis on electrochemical workstation (CHI660E, CH 
Instruments, China). A three-electrode cell assembly was 
utilized with an Hg/Hg2Cl2 reference electrode, a counter 
electrode of platinum, and a working electrode (1 × 1 cm2) 
in a diameter of 100 mL beaker of electrolyte solution. 
Charge/discharge performance of different CDI electrodes 
was measured with constant current and flow rate in 
LAND-CT2001A battery test system.

3. Results and discussion

3.1. Structure and physical behaviors of native Al plate, 
surface-modified Al plate and active material

Fig. 2 shows the morphologies of native Al plate, NaOH-
etched Al plate, electrochemically etched Al plate, and active 

Fig. 1. Schematic diagram of the electrosorption and desorption of CDI.

Fig. 2. SEM images of (a) pure Al plate, (b) NaOH etched Al 
plate, (c) electrochemical etched Al plate, and (d) active material 
surface.
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material surface of electrodes. It can be seen that pure Al 
plate surface was smooth with few small pores on it. After 
alkali etching, the surface has turned into rough (Fig. 2(b)). 
It became a three-dimensional structure with larger pore 
(Fig. 2(c)), after electrochemical etching. It provided a good 
primer for the active material to adhere with. Fig. 2(d) shows 
the SEM images of the active material of electrodes. AC pow-
ders of different particle size, graphite powders and PVDF 
formed a uniform electrode surface. Pores of different sizes 
form the active material surface which makes the brine water 
flow move freely in the active material.

3.2. Comparison of desalination performance of AC CDI electrodes 
with different current collectors

Fig. 3 shows the electrosorption/desorption and desali-
nation performance of CDI electrodes with N-Al-CDI, 
M-Al-CDI, and Ni-CDI as the current collector. After electro-
sorption at 1.4 V for various lengths of time, the electrodes 
were mutually connected to be short-circuited to desorb 
the ions. The adsorbed ions released from the electrode sur-
faces returned to the solution leading to an increase in the 
conductivity of the NaCl solution [11,37]. After the desorp-
tion process, it is suggested that these electrodes have a good 
electrosorption/desorption performance.

The calculated salt adsorption capacity according to 
Eq. (2) represents desalination capacity. Clearly, M-Al-CDI 
electrode claims the highest desalination capacity at 1.4 V 
applied voltage, reaching 10.74 mg/g in 400 μs/cm of NaCl 
solution, followed by Ni-CDI and N-Al-CDI electrodes. The 
lowest desalination capacity is found with N-Al-CDI elec-
trode in 100 μs/cm of NaCl solution which is 1.06 mg/g. The 
desalination capacity that enhanced with the water conduc-
tivities has increased from 100 to 400 μs/cm because of the 
increase in solution conductivity, which can reduce the intrin-
sic resistance and enlarge the capacitor of CDI cell during the 
desalination process. M-Al-CDI boasts desalination efficiency 
up to 71% in 100 μs/cm of solution and 53.2% in 400 μs/cm 
of solution; Ni-CDI and N-Al-CDI show the same tendency. 
Although the desalination efficiency was higher in solution 
of lower concentration, the desalination capacity is higher in 
solution of higher concentration. This is because of the higher 
relative permittivity in higher concentration solution, which 
can enhance the EDLCs of electrodes.

The saturated electrosorption and desorption periods of 
M-Al-CDI electrode are the longest, around 50 and 30 min, 
respectively, and those of N-Al-CDI electrode are the 
shortest, 28 and 20 min, respectively.

3.3. Comparison of electrochemical behaviors of AC CDI electrodes

Fig. 4 shows the EIS Nyquist plots (at a bias voltage of 
0 V) at the same scale (1 cm2) of the N-Al-CDI, M-Al-CDI, 
and Ni-CDI electrodes. The frequency range is from 0.01 to 
10,000 Hz, and the electrolyte is 1.0 M of KCl solution. The 
impedance spectra are composed of one semicircle at high 
frequency followed by a linear component at low frequency. 
At high frequencies, the intercept at real part (Z′) is a com-
binational resistance of ionic resistance of the brine water, 
intrinsic resistance of the current collector, and interfacial 
resistance at the active material/current collector interface 

(Ri) [38,39]. The same brine water was used as the electro-
lyte in the electrochemical test, so the resistance of the elec-
trolyte was the same, Ri can be represented as the value of 
intrinsic resistance of the current collector and interfacial 
resistance.

At very high frequency, the electrode behaves like a 
pure resistance. In the middle frequency domain, the influ-
ence of the electrode porosity can be seen. At low frequency, 
the imaginary part sharply increases and a vertical line is 
observed, traducing a pure capacitive behavior. Clearly, the 
Ri of N-Al-CDI electrode is 57.2 Ω, that of Ni-CDI electrode 
is 26.4 Ω, and M-Al-CDI electrode is 5.1 Ω, which can be 
obtained from the intercept of the plots on real axis. The 
resistance of N-Al-CDI electrode is much higher than that of 
active material/M-Al. It is clear that the active material/N-Al 
surface contact is not optimum, due to a lack of adhesion 
of the active layer onto the native Al surface. On the other 
hand, the native alumina oxide layer present onto the Al 
surface hinders the electronic transfer between the Al col-
lector and the active material. After alkali and electrochem-
ical etching, the native oxide layer is removed and so are 
the barriers between the active material and the current col-
lector. Furthermore, the resistance of M-Al-CDI electrode is 
lower because the surface contact between the M-Al current 
collector and the active material is increased, the electronic 
contact is improved, and more electrons are transferred 
from DC power to the surface of electrode, thus having 
enhanced the EDLCs. The electrode resistance of the active 
material/Ni is higher than that of the active material/M-Al 
because the electrical conductivity of Ni is less than that of 
Al, which leads to a higher intrinsic resistance in Ni-CDI.

Fig. 5 shows the CV curves at the same scale (1 cm2) of 
the N-Al-CDI, M-Al-CDI, and Ni-CDI electrodes at the scan-
ning rate of 5 mV/s. The electrolyte is 0.5 M of NaCl solution. 
Symmetric curves with respect to the X-axis are observed in 
M-Al-CDI, indicating that the capacitive process is a highly 
reversible and reliable process. The quasi-rectangular shapes 
point to the excellent EDLCs behavior. The CV curves of 
Ni-CDI and N-Al-CDI electrodes deviate from the rectangu-
lar shape, and the EDLCs behavior of the two electrodes is 
inferior to that of M-Al-CDI. The capacitances of M-Al-CDI 
are much higher than those of Ni-CDI and N-Al-CDI. Higher 
capacitance suggests that more ions in the salt water will 
reach the pores of the electrodes because of the lower intrin-
sic resistance, higher electric field intensity, and force on the 
electrodes.

Fig. 6 shows the charge/discharge performance of 
N-Al-CDI, M-Al-CDI, and Ni-CDI electrodes under 2 mL/min 
flow rate at a constant current density of 2 mA/cm2 and limit 
voltage of Vmax = 1.4 V. The sampling interval is 5 s. The EDLCs 
are supposed to be charged from 0 to 1.4 V and discharged 
from 1.4 to 0 V. However, it is clear that the starting charge and 
discharge potentials slightly deviate (dV), and the potential 
loss of N-Al-CDI is larger than that of Ni-CDI and M-Al-CDI 
because internal resistance arises from resistances of the active 
materials and the current collector. The interfacial resistances 
between the electrolyte and the electrode and those between 
the current collector and the active material can be the contrib-
utor to create this internal resistance [6,40]. It is clear that the 
specific capacitance obtained in this research is in good agree-
ment with desalination performance, EIS and CV studies. 
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The charge and discharge time of M-Al-CDI are the longest, 
because the slope of potential dV/dt is smaller than Ni-CDI 
and N-Al-CDI. The potential loss of M-Al-CDI is the smallest 

during the charge and discharge process. These match what is 
presented in Fig. 3. The electrosorption and desorption time of 
M-Al-CDI is longer than that of Ni-CDI and N-Al-CDI.
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Fig. 3. Effect of feed conductivity on the desalination capacity and efficiency of the CDI process at 1.4 V applied voltage with (a, b) 
modified Al plate, (c, d) Ni foil, and (e, f) native Al plate as the current collector for CDI electrodes.
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4. Conclusions

CDI desalination ability and EDLCs can be greatly 
enhanced through the alkali and electrochemical etching 
of pure Al plate as the current collector in CDI electrode. 
The mechanisms might be attributed to that the alkali and 
electrochemical etching process increases the contact sur-
faces of the active material/Al current collector interface, 
enhances the electronic contact behavior, and reduces the 
intrinsic resistance, allowing more electrons to pass during 
the CDI process, which can increase the desalination capac-
itance and enlarge the EDLCs. The electrical conductivity 
of current collector has great impact on the capacitance of 
CDI process.
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