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Abstract: The Al foil for high voltage Al electrolytic capacitor usage was immersed in 5.0% NaOH solution containing trace amount 
of Zn2+ and Zn was chemically plated on its surface through an immersion−reduction reaction. Such Zn-deposited Al foil was quickly 
transferred into HCl−H2SO4 solution for DC-etching. The effects of Zn impurity on the surface and cross-section etching 
morphologies and electrochemical behavior of Al foil were investigated by SEM, polarization curve (PC) and electrochemical 
impedance spectroscopy (EIS). The special capacitance of 100 V formation voltage of etched foil was measured. The results show 
that the chemical plating Zn on Al substrate in alkali solution can reduce the pitting corrosion resistance, enhance the pitting current 
density and improve the density and uniform distribution of pits and tunnels due to formation of the micro Zn−Al galvanic local  
cells. The special capacitance of etched foil grows with the increase of Zn2+ concentration. 
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1 Introduction 
 

Electrochemical etching and forming are key 
techniques in fabricating Al electrolytic capacitor foil 
electrode with high special capacitance. The electric 
capacitance (C) of Al electrolytic capacitors can be 
expressed by the formula of C=(εoεrS)/d, where εo is the 
vacuum dielectric constant, εr is the relative dielectric 
constant of the Al anodic oxide film, S is the specific 
internal surface area of Al foil electrode, and d is the film 
thickness. The enlargement of S is performed by 
electrochemical etching high-purity Al foils with {001} 
in strong acid solutions, using crystallographical 
dissolution. The increase in εr and reduction in d are 
achieved by anodizing etched foil in weak acid solution 
when the formation voltage is fixed. Recently, it is 
popular to form high εr composite oxide films such as 
Al2O3−(TiO2, BaTiO3, ZrO2, Ta2O5, Nb2O5) by 
electrodeposition, hydrolysis precipitation, sol−gel 
coating and anodizing [1−4]. However, the industrial 
application of such composite films is unfavorable due to 
their high dielectric loss and leakage current. The 

electrochemical etching is still the most important 
practical ways to increase electric capacitance C. 

For high-voltage Al electrolytic capacitor anode foil, 
a densely uniform network of microscopic vertical etch 
tunnels is requisite for the maximum electrostatic 
capacitance and usually obtained by DC-etching, which 
usually consists of three continuous steps: pretreatment, 
etch tunnel formation, and widening of the etch tunnels 
[5]. Many variables are involved in the DC-etching 
process, including the grain size, cubicity and impurities 
[6,7] or pre-existing flaws of pure Al foil, pretreatments, 
acid composition, concentration and temperature, and 
current parameters [8−10]. The pretreatment is regarded 
as a critical step because it can improve the uniformity of 
the Al foil surface, which will induce an equal 
opportunity of pit nucleation and obtain an even 
distribution of high-density tunnel in the following 
tunnel formation stage. Various chemical or physical 
pretreatments have been studied and given tremendous 
attention. LEE et al [11] found that a two-step 
pretreatment with H3PO4 and H2SiF6 results in a high 
density of pre-etch pits on Al surface and generates     
a high density of etch pits. TATSURO et al [12,13] 
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proposed a kind of thin polymer pattered mask on the Al 
foil, which can control the sites of development of the 
tunnel pits and enable the site-controlled tunnel pitting in 
Al foils [12,13]. However, it is difficult to spread the 
large area of such mask with the same periodic pattern 
and good adhesion on the Al foil in industry. LIN et al 
[14,15] found that the immersion of Al foil in Pb(NO3)2 
and In(NO3)3 solution can give a higher density and a 
more uniform distribution of vertical tunnel etchings 
when subjected to DC-etching. This pretreatment along 
with other chemical ones in acid solutions has been 
widely adopted in Al etching industries but the pit 
density remains far below an ideal value, as predicted 
from the consideration of pit morphology. Furthermore, 
few works have focused on the influence of chemical 
plating Zn on DC-etching behavior of Al foil in 
HCl−H2SO4 solution and the etching characteristics 
according to the pretreatment have not been clarified 
sufficiently yet. Therefore, this work aims to discuss the 
effect of chemical plating Zn pretreatment on the surface 
and cross-section morphologies of etched Al foil by  
SEM. The corresponding electrochemical behavior of 
chemically galvanized Al foil is explored with PC and 
EIS. The results can help to elucidate the effects of 
chemical plating Zn pretreatment on pitting corrosion 
behavior of Al foil. 
 
2 Experimental 
 
2.1 Specimen 

The specimen in this experiment was commercial 
aluminum foils for high-voltage electrolytic capacitors, 
with 99.99% purity, 95% (100) cubicity and 110 μm in 
thickness. 
 
2.2 Depth profile of Zn 

Secondary ion mass spectrometry (SIMS, CMECA- 
IMS4F) was used to obtain the depth profiles of Zn in the 
foils. The ion source was O2+ and the working current 
was 400 nA. The spot size was about 10 μm such that Zn 
content in the rolling line and between rolling lines can 
be examined. 
 
2.3 Chemical plating Zn 

Before etching, the specimens were immersed in 
5.0%NaOH solution with trance amount of Zn2+ at 40 °C 
for 1 min. The Zn2+ concentration varied at 100×10−6, 
200×10−6, 300×10−6, 400×10−6 and 500×10−6. Some 
specimens were only rinsed with deionized water as 
comparative blank examples. All solutions used in this 
work were prepared from reagent grade chemicals and 
deionized water. 
 
2.4 DC-etching and special capacitance measurement 

After pretreatments, the specimen with the 

dimensions of 5.2 cm×13 cm was used as anode and 
mounted on a sample holder with the dimensions of    
5 cm × 9 cm exposed in 75 °C 1 mol/L HCl + 5 mol/L 
H2SO4 etching solution. Two graphite electrode plates 
with dimensions 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 100 s. 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 samples were 
rinsed thoroughly with deionized water and dried in 
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 
under SEM. 
 
2.6 Polarization curves and AC impedance 

spectroscopy 
After pretreatments, the samples, with a exposed 

geometrical surface area of 1 cm2 as working electrode, 
were immediately transferred to a cell containing 75 °C  
1 mol/L HCl+1 mol/L H2SO4, in which polarization 
curves and AC impedance spectroscopy were measured 
with a computer-controlled potentiostat/galvanostat (CHI 
6301680). A Pt foil electrode and a SCE were used as 
counter electrode and reference electrode, respectively. 
During polarization measurement, the scanning rate was 
10 mV/s. The range of frequency was from 1 Hz to 100 
kHz in the EIS measurement. 
 
3 Results and discussion 
 
3.1 Surface morphology and composition of Zn2+- 

chemically plated foil 
Figures 1(a) and (b) show the surface morphology 

and EDS spectrum of the 500×10−6 Zn2+-chemically 
plated foil, respectively, which indicate that numerous 
tiny particles of Zn are uniformly deposited on the  
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Fig. 1 Surface morphology (a), EDS spectrum (b) and SIMS 
results (c) of Zn2+-chemically plated foil 
 
whole foil surface, especially concentrated along rolling 
lines. Second ion mass spectrometer (SIMS) was used to 
characterize the surface composition and depth profiles 
of Zn element in the raw Al foil, 200×10−6 and 500×10−6 
Zn2+-chemically plated ones. Figure 1(c) shows the depth 
profiles of Zn located on rolling lines and between 
rolling lines. It can be found form Fig. 1(c) that for all 
locations, the concentration of Zn in the raw Al foil is 
much less than Zn-chemically plated ones. Figure 1(c) 
also shows that Zn is enriched in the surface layers (ca. 
300−500 Å in depth) and approached null beneath the 
enriched layer. There is no difference in Zn concentration 
for the three foils in the inner section. 

3.2 Surface morphologies of etched foil 
The etched surface morphology for blank sample is 

shown in Fig. 2(a). After chemical plating Zn in different 
Zn2+ concentrations solutions, the corresponding surface 
morphologies of etched Al foil are give in Figs. 2(b)−(f), 
respectively. It can be found in Fig. 2(a) that the rolling 
line effect, which results in concentrated etching along 
rolling lines, leaving vast areas between the unattached, 
is evident for blank sample. In contrast, after chemical 
plating Zn, etchings are uniformly distributed both on 
rolling lines and between rolling lines in Figs. 2(b)−(f). 
Moreover, with increasing Zn2+ concentration, the rolling 
line effect gradually disappears and the etching is more 
and more evenly distributed on the entire Al foil from 
Figs. 2(b)−(f). 

During high-temperature annealing treatments and 
rolling processes for cubic texture formation of Al foil, a 
distorted oxide film due to roll crushing and a rolling oil 
contamination layer are both present on the Al foil, 
which makes the Al foil surface heterogeneous in 
composition and microstructure. Meanwhile, rolling line 
is a high strain area. Much researches have indicated that 
there is a high concentration of impurities, vacancies and 
dislocations located in rolling lines, which serve as the 
major sites for pit initiation [14,15]. For blank sample, 
the pitting obviously prefers to occur along rolling lines 
compared with between rolling lines, as illustrated in Fig. 
2(a). 

When immersing Al foil in alkali solution 
containing Zn2+, the distorted oxide film and the remnant 
rolling oil gradually dissolved, which helps to 
homogenize the Al foil surface and promote pitting 
initiation evenly on the whole Al foil, no matter along 
rolling lines or between neighboring lines. Furthermore, 
an immersion−reduction reaction simultaneously occurs, 
i.e. 2Al+3Zn2+→ 2Al3++3Zn. The potential of zinc is 
much higher than that of aluminum. In the following 
electrochemical etching process, zinc acts as a cathode 
and aluminum as an anode. Zinc and aluminum, maybe 
especially along rolling lines, form local galvanic cells, 
which can facilitate pitting and more pits can be found, 
as shown in Figs. 2(b)−(f). Meanwhile, with increasing 
Zn2+ concentration, more Zn−Al micro local galvanic 
cells are formed, the rolling line effects gradually 
disappeared and etchings distribute uniformly over the 
foil surface. 
 
3.3 Cross-section morphologies of etched foil 

The cross-section micrograph of etched blank 
sample is shown in Fig. 3(a). After chemical plating Zn 
in alkali solution containing different Zn2+ concentrations, 
the corresponding cross-section morphologies of etched 
Al foil are give in Figs. 3(b)−(f), respectively. The    
shape and array of etch tunnels developed along 〈100〉  
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Fig. 2 Effect of chemical plating on surface of etched Al foils in alkali solution with different Zn2+ concentrations: (a) Blank;      
(b) 100×10−6 Zn2+; (c) 200×10−6 Zn2+; (d) 300×10−6 Zn2+; (e) 400×10−6 Zn2+; (f) 500×10−6 Zn2+ 
 
directions are observed. However, the tunnels are 
generally sparse in distribution and coarse in size for 
blank sample. After chemical plating Zn, tunnels become 
dense and fine in size. These phenomena are consistent 
with Fig. 2. 

For blank sample, the surface oxide film is thick 
and it is difficult for Cl− to diffuse and electro-migrate in 
such thick film. Pitting preferably happens in the weak 
points of the film, such as impurities, dislocations and 
vacancies, where Cl− is preferably adsorbed and diffused. 
These points concentrate along rolling lines, where 
tunnels are dense but the tunnels are sparse between 
rolling lines. 

After chemical plating Zn in alkali solution, the film 
partly dissolves and becomes thin. More Cl− can easily 
diffuse and migrate to induce pitting. Moreover, the 
Zn−Al micro galvanic cells can accelerate pitting. With 
increasing Zn2+ concentration, more Zn−Al galvanic 

cells are produced on the Al foil, which can help to 
increase the pits and tunnel density and improve their 
distribution. At the same time, the tunnels become fine in 
size because the high density of them has to supply the 
same amount of applied current. 
 
3.4 Polarization curves 

Figure 4 shows the polarization curves in 75 °C   
1 mol/L HCl+5 mol/L H2SO4 for blank sample and trace 
Zn pre-deposited specimen. It can be found that the 
pitting potential and free corrosion potential for blank 
sample are the most notable and its pitting current is the 
most negative. With introduction of trace Zn on the Al 
foil and increasing Zn2+ in alkali solution, the pitting 
potential and free corrosion potential gradually shift 
toward to a more negative value and the corresponding 
pitting current gradually increases. These phenomena 
suggest that the Al foil surface becomes more valuable 
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Fig. 3 Effect of chemical plating Zn on cross-section of etched Al foils in alkali solution containing different Zn2+ concentrations:  
(a) Blank; (b) 100×10−6 Zn2+; (c) 200×10−6 Zn2+; (d) 300×10−6 Zn2+; (e) 400×10−6 Zn2+; (f) 500×10−6 Zn2+ 
 

 
Fig. 4 Effect of chemical plating Zn in alkali solution 
containing different Zn2+ concentrations on polarization curves 
of Al foil in 75 °C 1 mol/L HCl+5 mol/L H2SO4 
 
following chemically plating Zn pretreatment in alkali 
solution, due to dissolution of the protective oxide film 
and formation of more Zn−Al micro galvanic local cells. 

Here, the Zn−Al micro galvanic cells can reduce the 
pitting corrosion resistance and serve as primary sits for 
pitting, apart from weak point along the rolling lines, 
which is in consistent with Figs. (2) and (3). 

Generally, pit initiation of aluminum in chloride 
solutions takes into account adsorption of chloride ions 
on the oxide surface, penetration of chloride ions through 
the oxide film and chloride-assisted localized dissolution 
at the oxide−metal interface. During immersion of Al foil 
in alkaline solution containing trace amount of Zn2+, the 
next reactions occur on the Al foil surface. 

 
Al2O3+2OH−→ −

2AlO2 +H2O                   (1)  
2Al+2OH−+2H2O→ −

2AlO2 +3H2↑               (2)  
2Al+3Zn2+→2 Al3++3Zn↓                     (3) 

 
The apparent of hydrogen bubbles can be observed 

in the alkaline solution. At the same time, the barrier 
oxide film of Al2O3 becomes thin, which will reduce the 
resistance of penetration of chloride ions, promote 
chloride-assisted localized dissolution at the oxide−metal 



Chao-lei BAN, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3650−3657 

 

3655

interface and increase pitting density in the following 
DC-etching stage. More importantly, the deposited Zn, as 
the second phase, spreads uniformly on the Al foil 
surface and may constitute galvanic cell with Al. On the 
initiation of DC-etching, the following usual electrode 
reactions occur: 
 
Al→Al3++3e (Al foil anode)                   (4) 
2H+ +2e → H2 (Graphite cathode electrode)       (5) 
Zn→Zn2++2e (Al foil anode)                   (6) 
 

According to the Nernst equation: E=E0+ 
[O]ln ,
[R]

RT
nF

 the equilibrium electrode potential values of 

electrode reactions (4) and (6) can be reckoned as about 
−1.8 V (vs SHE) and −0.97 V (vs SHE), supposing that 
the concentrations of Al3+ and Zn2+ are 10−6 mol/L. 
Therefore, Zn is cathode and Al is anode in the micro 
Zn−Al galvanic cells. On the initiation of DC-etching, 
the pitting current is made of two parts: one part from the 
applied anodic current and the rest from the galvanic 
current between Al anode and Zn cathode. With increase 
in Zn2 concentration of chemical plating solution, more 
micro Zn−Al galvanic cells are formed on Al foil, 
leading to enhancement of galvanic current and pitting 
current, as shown in Fig. 4. 
 
3.5 AC impedance characterization 

Figure 5(a) shows the effect of chemically plating 
Zn on electrochemical impedance spectra of Al foil, in 
which the measured impedance spectra are plotted into 
Nyquist diagram. It is clearly seen that the Nyquist 
diagram is mainly composed of a capacitive arc at high 
frequency and an inductive loop at low frequency. CAO 
et al [16] thought that the inductive arc is linked to the 
passive film on the surface, and the appearance of 
inductive component is the important feature of EIS 
during pit incubation. They analyzed the growth and 
decline of passive film during pit incubation and put 
forward a mathematical model and the corresponding 
equivalent circuit. The Nyquist diagram of the equivalent 
circuit is composed of a capacitive arc at high-mediate 
frequency and an inductive loop at low frequency. 
KEDDAM et al [17] thought that the inductive loop 
observed is associated with the weakening of the 
protective effectiveness of the aluminum oxide layer due 
to the anodic dissolution of aluminum alloy. PENG et al 
[18] also observed an inductive loop in the early stage of 
pitting corrosion, and they put forward an equivalent 
circuit which contained negative resistance and negative 
capacitance to explain this phenomenon. But the physical 
meaning of negative resistance and negative capacitance 
is not definite. 

 

 
Fig. 5 Effect of chemical plating Zn in different Zn2+ 
concentrations solution on EIS of Al foil in 75 °C 1 mol/L 
HCl+5 mol/L H2SO4: (a) Experimental; (b) Modeled curves 
 

In our study, the diameters of both capacitive arc 
and inductive loop for blank sample are much larger than 
those for trace Zn chemically plated specimen. Moreover, 
with increasing Zn2+ concentration in alkali solution, the 
sizes of capacitive arc and inductive loop become small. 
The high-frequency impedance arc is generally attributed 
to the processes occurring at the electrode−electrolyte 
interface. The diameter of this arc can be regarded as the 
ion transfer resistance and the capacitance of electric 
double layer at the electrode−electrolyte interface. The 
smaller the arc diameter is, the smaller the ion transfer 
resistance and the larger the capacitance. With increasing 
Zn2+ concentration in alkali solution, more Zn−Al micro 
galvanic local cells form on the Al foil and promote 
pitting corrosion, leading to a smaller capacitive arc in 
EIS, a higher pitting density in the polarization curves 
and a higher density of pits and tunnels, as illustrated in 
Figs. 4,3,2, respectively. 

The electrochemical impedance spectra can be 
further analyzed by fitting the equivalent circuit model in 
the inserted figure of Fig. 5(a), where Cdl is double layer 
capacitance and proportional to the specific surface area 
of the etched area, Rf is charge transfer resistance, Rs is 
the solution resistance, RL and L are equivalent resistance 
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and inductance, respectively. The good correspondence 
between the experimental curves and the modeled curves 
is obtained using this equivalent, as shown in Fig. 5(b). 
Table 1 lists the parameters from the equivalent circuit 
model, in which the Cdl, Rf, Rs and special capacitance 
(C100) of 100 V formation voltage anodic oxide film are 
also listed. The physical meanings of RL and L are vague, 
and their values are not given here. As shown in Table 1, 
with chemical plating Zn and increasing Zn2+ in alkali 
solution, the Cdl and C100 gradually increase and Rf 
gradually decreases. This regularity is caused by the 
formation of more Zn−Al micro galvanic local cells, 
serving as primary sits for pitting. 
 
Table 1 Circuit parameters from EIS data and special 
capacitance (C100) of 100 V formation voltage 

Cdl/(µF·cm−2) Rf/(Ω·cm−2) C100/(µF·cm−2) Rs/(Ω·cm−2)

5.085 28.99 1.945 0.7835 

6.627 21.43 2.180 0.8388 

9.079 14.41 2.365 0.8771 

10.37 10.51 2.545 1.131 

12.31 5.728 2.755 0.9887 

11.99 3.658 3.070 0.8814 

 
4 Conclusions 
 

1) Before electro-etching, chemical plating Zn in 
alkali solution containing trace Zn2+ can form micro 
Al−Zn galvanic local cells, dissolve oxide film on Al 
foils surface, make Al foil more vulnerable to Cl− and 
reduce the charge transfer resistance so as to increase 
pitting density, improve the density and distribution of 
pits and tunnels, leading to the enlargement of special 
area and capacitance of etched foil. 

2) To some extent, with increasing Zn2+ 
concentration in alkali solution, the rolling line effect can 
be further reduced or overcome due to formation of more 
dense and uniformly distributed micro Al−Zn galvanic 
local cells, resulting in a more increase of tunnel density, 
special area and capacitance of etched foil. 
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铝箔表面化学镀锌对其在 
HCl−H2SO4体系中电蚀性能的影响 

 
班朝磊 1, 2，何业东 2，邵 鑫 1，杜 鹃 1，王利平 1 
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摘  要：将高压铝电解电容器用电子铝箔在含 Zn2+的 5.0%NaOH 溶液中实施化学镀锌处理，然后在 HCl+H2SO4

电解液中进行直流电解扩面腐蚀得到腐蚀箔；采用极化曲线研究化学镀锌处理对扩面腐蚀时铝箔点蚀电流、点蚀

电位的影响，利用电化学交流阻抗(EIS)研究化学镀锌处理对铝箔电解腐蚀时电化学特征的影响；使用扫描电镜

(SEM)观察化学镀锌处理对腐蚀箔表面和横截面形貌的影响；测试 100 V 形成电压下腐蚀箔的比电容。结果表明：

铝箔表面化学镀锌形成的 Zn−Al 微电偶有助于电蚀时降低点蚀电极反应的阻力，提高点蚀电流密度，增加铝箔表

面蚀孔密度和蚀孔分布的均匀性；随着碱液中 Zn2+浓度的提高，腐蚀箔的比电容逐渐增加。 
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