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Abstract: The aluminum foil for high voltage aluminum electrolytic capacitor was immersed in 0.5 mol/L H3PO4 or 0.125 mol/L 
NaOH solution at 40 °C for different time and then DC electro-etched in 1 mol/L HCl+2.5 mol/L H2SO4 electrolyte at 80 °C. The 
pitting potential and self corrosion potential of Al foil were measured with polarization curves (PC). The potentiostatic current—time 
curve was recorded and the surface and cross section images of etched Al foil were observed with SEM. The electrochemical 
impedance spectroscopy (EIS) of etched Al foil and potential transient curves (PTC) during initial etching stage were measured. The 
results show the chemical pretreatments can activate Al foil surface, facilitate the absorption, diffusion and migration of Cl− onto the 
Al foil during etching, and improve the initiation rate of meta-stable pits and density of stable pits and tunnels, leading to much 
increase in the real surface area and special capacitance of etched Al foil. 
Key words: Al foil; polarization; pitting corrosion; electrochemical etching; Al electrolytic capacitor 
                                                                                                             
 
 
1 Introduction 
 

Aluminum electrolytic capacitor is one of the key 
components in electric appliances and is widely used in 
energy storage and conversion, liquid crystal display 
fabrication, and integrated circuit process [1]. In order to 
satisfy the high integration requirements of electronic 
equipments, aluminum electrolytic capacitor is 
developing towards smaller volume, higher capacitance 
and lower cost. The electric capacitance(C) of aluminum 
electrolytic capacitors can be expressed by the following 
formula of C=εo εr S/d, where εo is the vacuum dielectric 
constant, εr is the relative dielectric constant of the 
anodic oxide film, S is the effective surface area of 
aluminum foil electrode, and d is the film thickness. 
Although formation of high dielectric constant composite 
oxide films such as Al2O3−(TiO2, BaTiO3, ZrO2, Ta2O5, 
Nb2O5) is focused on now [2,3], the industrial 
application of such composite films has not been found 
due to their high dielectric loss. Meanwhile, working 
voltage determines the pure aluminum oxide film 

thickness (1.0−1.4 nm/V) and its εr is almost fixed (about 
8.4−10 for amorphous Al2O3 or γ-Al2O3). The 
enlargement of the aluminum electrode surface area by 
electrochemical etching is still the most important 
method. 

DC etching has been performed to obtain a 
tunnel-type etching in acid solution morphology in 
aluminum foils for high-voltage capacitors. In general, 
the DC electrochemical etching process consists of three 
steps: pretreatment, tunnel formation in length and 
distribution and tunnel widening in diameter [4,5]. Many 
researchers have studied the effects of the components 
and structures of pure Al foils, acid concentration, 
temperature, and current parameters on tunnel formation 
and tunnel widening [6]. The addition of trace inert 
metals such as Pb, Ag, Sn, In, Mg, Cu in Al foil can 
promote tunnel formation [7−9]. However, remnant inert 
metals in the subsequent anodic oxide film will 
deteriorate the property of capacitor. Control of pitting 
and tunnel sites, density and distribution on Al foil for Al 
electrolytic capacitors using patterned masks is popular 
now [10,11]. But it is difficult to obtain such masks with 
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an ideal ordered array of holes. 
Chemical pretreatments in HCl, H2SiF6, H2SO4, 

H3PO4, etc., have been widely adopted in aluminum 
etching industries to obtain an even distribution of 
high-density tunnels and increase the specific internal 
area of etched foil [12], but the etching characteristics 
according to the pretreatment have not been clarified 
sufficiently yet. In this work, H3PO4 and NaOH were 
selected as pretreatment solutions. The effects of 
chemical pretreatment of aluminum foil on the pit 
nucleation and electrostatic capacitance were 
investigated, in addition to the analysis of the 
relationship between the pretreatment conditions and the 
pitting/etching type by the current— time curves in 
potentiostatic test, the initial potential transients and EIS 
during the electrochemical etching of Al foil. The results 
can help to elucidate the effects of chemical pretreatment 
on pitting behavior of Al foil. 

 
2 Experimental 
 
2.1 Specimen 

The specimens in this experiment were commercial 
aluminum foils for high voltage electrolytic capacitors, 
with 99.99% in purity, 95% in (100) cubicity and 110 μm 
in thickness. 
 
2.2 Pretreatment 

Before etching, these specimens were immersed in 
0.5 mol/L H3PO4 at 40 °C for 30 s, 1 min and 3 min, 
respectively, or immersed in 0.125 mol/L NaOH at 40 °C 
for 15 s, 30 s and 1 min, respectively. Some specimens 
were rinsed with deionized water as blank samples. All 
solutions used in this work were prepared from reagent 
grade chemicals and deionized water. 
 
2.3 Polarization curves and AC impedance 

spectroscopy 
After pretreatments, the specimen with the exposed 

area of 1 cm×1 cm was rinsed with deionized water, then 
quickly transferred to 1 mol/L HCl+2.5 mol/L H2SO4 at 
80 °C as working electrode, in which polarization curves 
and potentiostatic current—time curves were measured 
with CHI electrochemical measure system. A Pt foil 
electrode was used as counter electrode. A reference 
electrode (Hg, Hg2Cl2|saturated KCl) was placed in a 
fixed position beside the sample. During polarization 
curve measurement, the scan rate was 10 mV/s. After the 
following DC-etching, the AC impedance spectroscopy 
of etched Al foil was measured with the same set as a 
function of frequency in the range from 10 mHz to     
100 kHz. 

2.4 DC-etching and potential transient analysis 
After pretreatments, the specimens with the area of 

5.2 cm×13 cm was rinsed with deionized water, then 
used as anode and mounted on a sample holder with the 
area of 5 cm×9 cm exposed to the 80 °C 1 mol/L 
HCl+2.5 mol/L H2SO4 etching solution. Two graphite 
electrode plates of 15.5 cm×6.5 cm×8 cm were used as 
counter cathodes, with a gap of 25 mm between them. 
The specimen was placed parallel to the two electrode 
plates with a distance of 10 mm between each of them. 
Temperature of the solution was measured by alcohol 
thermometer and controlled by heating blender and 
temperature controller. Direct current etching was carried 
out immediately after placing the sample holder into the 
electrolyte. A constant current density of 150 mA/cm2 
was applied for 150 s. At initial stage of etching, the 
change in the cell voltage between anode and one 
counter cathode with time (Ec vs t) was monitored and 
recorded by a digital multimeter connected to a PC 
system for potential transient analysis. The etched foil 
was anodized at 90 °C in 150 g/L C6H16N2O4 for 
producing the anodic oxide film as dielectric layer by 
applying 100 V for 10 min and the special capacitance of 
the film was measured with a LCR meter in 150 g/L 
C6H16N2O4 at 30 °C. 

 
2.5 Etched morphology observation 

After electrochemical etching, the sample was 
rinsed thoroughly with deionized water and dried under 
ambient condition. For surface morphology studies, the 
sample was examined under a scanning electron 
microscope (SEM, LEO 435VP). For sectional 
observation, which would shed light on tunnel 
development, the etched samples were anodized, 
mounted vertically in epoxy resin, mechanically polished, 
chemically dissolved in iodine methanol solution 
(10%I2/CH3OH), sputter-coated with gold and examined 
by SEM. 
 
3 Results and discussion 
 
3.1 Polarization curves 

Figure 1 shows the polarization curves in 1 mol/L 
HCl+2.5 mol/L H2SO4 at 80 °C for samples pretreated in 
0.5 mol/L H3PO4 or 0.125 mol/L NaOH solution at 40 °C 
for different time, respectively. The polarization curves 
indicated that the pitting potential of the as-received 
specimen without pretreatment was around −800 mV vs 
SCE and lightly shifted to the cathodic direction with 
increasing pretreatment time in H3PO4 or NaOH solution. 
This suggests that the Al foil surface becomes more 
vulnerable following H3PO4 or NaOH pretreatment due 
to the thinning of the protective oxide layer. Furthermore, 
the free corrosion potential shifted to a more cathodic 
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direction after the pretreatment in NaOH (Fig. 1(b)), 
compared with H3PO4 solution (Fig. 1(a)). This indicated 
an increased dissolution on the entire surface and almost 
complete removal of the protective oxide layer in the 
NaOH solution. 
 

 
Fig. 1 Effect of pretreatments on polarization curves of Al foils 
in 1 mol/L HCl+2.5 mol/L H2SO4 at 80 °C: (a) Pretreated in 0.5 
mol/L H3PO4 at 40 °C; (b) Pretreated in 0.125 mol/L NaOH at 
40 °C 
 

When the potential is above −800 mV (SCE), all 
curves become steep suddenly and limiting current 
densities appear because the growth of stable pits is 
controlled by diffusion of solution in pits and 
concentration polarization predominates the process. 
Free corrosion potentials, pitting potentials and limiting 
current densities of samples pre-treated for longer time 
are the same as the No. 4 sample, which are not drawn in 
Fig. 1. 
 
3.2 Current — time curves and metastable pits 

morphologies 
Figure 2 shows potentiostatic current—time curves 

and corresponding metastable pits morphologies for 
differently pretreated samples, which are measured in   
1 mol/L HCl+2.5 mol/L H2SO4 solution at 80 °C for 120 
s under constant potential no less than pitting potential. 

Compared with blank samples (Figs. 2(a) and (a′)), it can 
be seen that H3PO4 pretreatment (Figs. 2(b) and (b′)) or 
NaOH pretreatment (Figs. 2(c) and (c′)) makes current 
fluctuate more frequently, which results in more 
observable metastable pits on samples surface. 
Furthermore, under the same pitting potential (−900 mV), 
current fluctuates more frequently and more metastable 
pits appear on sample surface after NaOH pretreatment 
than H3PO4 pretreatment. 

Many researchers have reported current fluctuations 
in potentiostatic or potentiodynamic test under the pitting 
potential. They attributed the current fluctuations to 
appearance of metastable pits [13,14]. Generally, 
metastable pits are pits which nucleate and grow in very 
short time before passivation. ISAACS indicated that 
troughs on current fluctuation curves resulted from 
anodic growth of pits and wave crests were due to 
reduction of oxygen [15]. Pit initiation occurs by 
chloride-assisted localized dissolution at the oxide/metal 
interface [16]. H3PO4 or NaOH pretreatment has thinned 
the oxide film before etching and more Cl− can easily 
penetrate through it and improve the nucleation ratio of 
metastable pits during etching. 
 
3.3 Surface and cross section morphologies of etched 

Al foil 
Figures 3(a)−(f) shows the etched pit surface 

morphologies formed by the electrochemical etching of 
Al foil in 1 mol/L HCl+2.5 mol/L H2SO4 at 80 °C for 
150 s with 150 mA/cm2 after different pretreatments. It is 
found that there are noticeable differences in the 
morphologies of etch pits, depending on the 
pretreatments. For the blank specimen (Figs. 3(a) and 
(d)), the size of the etch pits is large, and the density of 
etch pits is low. Compared to the blank specimen, the 
H3PO4 or NaOH pretreatment induced a high density of 
pits (Figs. 3(b) and (e), Figs. 3(c) and (f)) because the 
meta-stable pits shown in Fig. 2 acted as pit initiation 
sites during the etching process. The average pit size 
decreased because the high density of pits had to supply 
the same amount of applied current. 

Figures 3(g)−(i) show the cross-sections of the 
anodic oxide replicas with the substrate aluminum 
selectively dissolved, in which the shape and array of 
etch tunnels developing along 〈100〉 directions are 
observed. It is found that the morphological 
characteristics according to the pretreatments are 
consistent with those obtained from Figs. 3(a)−(f). For 
blank specimens, the adsorption and diffusion of Cl− 
onto the surface during etching is considered to bring 
about active and successive dissolutions particularly 
concentrated on the weak points in the oxide film, 
leading to the fact that the etch pit not only forms 
relatively large, but also is non-uniformly distributed. 
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Fig. 2 Potentiostatic current—time curves under constant potentials of −870 mV (a), −900 mV (b, c) in 1 mol/L HCl+2.5 mol/L 
H2SO4 at 80 °C and corresponding meta-stable pits morphologies (a′, b′, c′) for differently pretreated samples: (a), (a′) Blank; (b), (b′) 
0.5 mol/L H3PO4 at 40 °C for 3 min; (c), (c′) 0.125 mol/L NaOH at 40 °C for 1 min 
 
However, H3PO4 or NaOH pretreatment makes the Al 
foil surface oxide film dissolve and become thin, which 
facilitates the adsorption, diffusion and electro-migration 
of Cl− onto the surface during etching, resulting in high 
density of formation with etch tunnels. Maybe the NaOH 
pretreatment affects the oxide’s dissolution more 
seriously than H3PO4 pretreatment, therefore, the higher 
density of pits, tunnels and corresponding specific 
surface area can be expected from the NaOH 
pretreatment, as proved by Fig. 2(c′) and Figs. 3(c),   
(f), (j). 

3.4 AC impedance characterization 
Figure 4 shows the effect of pretreatment on 

electrochemical impedance spectra of etched Al foil, in 
which the measured impedance spectra are plotted into 
Nyquist diagram for the etched specimens after different 
pretreatments for comparison. The electrochemical 
phenomena and interface reaction process are analyzed 
by fitting the equivalent circuit model in inserted figure 
in Fig. 4, where Q is constant phase element (CPE), Rt 
indicates the charge transfer resistance, Rs is the solution 
resistance and Cdl is the capacitance of the electrical 
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Fig. 3 Morphologies of etched Al foil surface (a−f) and cross section (g−i) with different pretreatments: (a), (d), (g) Blank; (b), (e), (h) 
0.5 mol/L H3PO4 at 40 °C for 3 min; (c), (f), (i) 0.125 mol/L NaOH at 40 °C for 1 min 
 

 
Fig. 4 Effect of pretreatment on electrochemical impedance 
spectra of etched Al foil 
 
double layer of Q, which is proportional to the specific 
surface area. The impedance behavior can be represented 
as constant phase element (CPE) including α (frequency 
dispersion factor) and displayed in Eq. (1), where C=  
(εo εr S)/d and ω=2πf. In Eq.(1), if α=0, 1, −1 or 0.5, then 
ZCPE can be expressed as resistance R, capacitance C, 
inductance Lω and Warburg-impedance W/(iω)1/2, 
respectively. Table 1 lists the circuit parameters 
evaluated from the equivalent circuit model. The special 
capacitance (C100) of anodic oxide film of 100 V 
formation voltage is also listed in Table 1. 

Table 1 Circuit parameters from EIS data and special 
capacitance (C100) of 100 V formation voltage 

Sample Rt/ 
(Ω·cm2)

Cdl/ 
(µF·cm−2) α Rs/ 

(Ω·cm2) 
C100/ 

(µF·cm−2)

Blank 563.0 10.08 0.9715 0.7985 3.29 

1 mol/L 
H3PO4

306.6 14.66 0.9568 0.8494 4.87 

0.125 
mol/L 
NaOH

250.1 18.80 0.9515 0.6079 5.12 

 

1
CPE o

o

j( ) ,Z C
α

ωω
ω

−
− ⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 −1≤α≤1,  1
o 2π sω −=    (1) 

 
Rt values for etched foils pretreated in blank 

solution, in 1 mol/L H3PO4, and 0.125 mol/L NaOH 
represent 563, 306.6 and 250.1 Ω·cm2, respectively, 
showing a tendency to decrease. But on the contrary, Cdl 
values increase to 10.08, 14.66 and 18.80 µF/cm2, in 
consistent with the change of C100 and α, in which the 
surface roughness values of etched foil reduce to 0.9715, 
0.9568, 0.9515 in the same sequence of the solutions as 
above. Thus, it is suggested that for 0.125 mol/L NaOH 
pretreatment, the high specific surface area is generated, 
which gives rise to decreasing in both Rt and α and 
increasing in Cdl and C100. 
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3.5 Potential transient analysis 
Figure 5 shows the initial potential (cell voltage 

minus solution resistance voltage) transients obtained at 
an etching current of 150 mA/cm2 in 1 mol/L HCl+2.5  
mol/L H2SO4 at 80 °C after pretreatment in 0.5 mol/L 
H3PO4 at 40 °C for 3 min or 0.125 mol/L NaOH at 40 °C 
for 1 min. Following the sharp increase of potential 
induced by the ohmic drop (Eocp), the potential increases 
slowly to the peak potential, Epp, due to the formation of 
the anodic oxide film on the surface. With H3PO4 or 
NaOH solution pretreatment, the initial potential rise 
from Eocp to Epp (ΔEmax=Epp−Eocp) decreases and the 
potential increase rate to Epp decreases slowly. Since the 
potential increase rate is commensurate with the film 
growth rate of 1.4 nm/V [17], the rate of film formation 
decreases from 23 nm/s in blank solution to 6 nm/s in 
0.125 mol/L NaOH, and the maximum attainable oxide 
thickness also decreases. The potential decay from Epp to 
Ea is associated with the breakdown of the anodic oxide 
film, and the decay (τD =τa−τp) becomes fast with H3PO4 
or NaOH solution pretreatment. The natural oxide layer 
on the Al foil surface maybe acts as seed for growth of 
the anodic oxide film in the initial etching stage. H3PO4 
or NaOH pretreatment dissolves such seeds greatly and 
the film formation rate becomes slow and easy to break 
down with etching. 
 

 

Fig. 5 Effect of pretreatment on initial potential transient during 
etching in 1 mol/L HCl+2.5 mol/L H2SO4 
 
4 Conclusions 
 

1) The pretreatment by H3PO4 or NaOH solution 
before electro-etching can dissolve oxide film on Al foils 
surface and make Al foil more vulnerable to Cl− so as to 
increase the nucleation and initiation ratio of meta-stable 
pits and density of stable pits and tunnels. 

2) NaOH solution pretreatment is superior to H3PO4 
solution pretreatment in increasing distribution of etch 
pits and tunnels for the Al foil, which causes more 
increase in the specific internal surface area and special 

capacitance of etched foil. 
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预处理对铝箔在 HCl−H2SO4溶液中电蚀行为的影响 
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摘  要：将高压铝电解电容器用铝箔在 40 °C 的 0.5 mol/L H3PO4或 40 °C 的 0.125 mol/L NaOH 溶液中进行浸泡预

处理，再在 80 °C 的 1 mol/L HCl+2.5 mol/L H2SO4电解液中进行直流电解腐蚀。采用动电位极化法研究预处理对

铝箔点蚀电位和腐蚀电位的影响；用恒电位极化法和扫描电镜(SEM)研究了预处理对铝箔表面亚稳孔萌生速率的

影响；用 SEM 和交流阻抗(EIS)研究了预处理对腐蚀箔表面、横截面形貌及电化学行为的影响；用 A/D 模块采集

了电解腐蚀初期槽电压—时间瞬时曲线。结果表明：预处理促进了铝箔表面活化，有助于电蚀时 Cl−在铝箔表面

的吸附、扩散和迁移，提高亚稳蚀孔萌生率及稳定蚀孔和隧道微孔的密度，从而导致腐蚀箔比表面积和比电容增

加。 

关键词：铝箔；极化；点蚀；电解腐蚀；铝电解电容器 

 (Edited by Hua YANG) 

 
 


