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Abstract

The corrosion cell is exploited to enhance the effective surface area of high-purity aluminum
foils for aluminum electrolytic capacitors by forming tunnels. The morphology of tunnels is
characterized, and the growth mechanism is discussed. Detailed investigations indicate that
tunnels could grow only when nitric acid was added into the mixed acid electrolyte in the
corrosion cell. Also, the tunnel morphology in the aluminum foil is relevant to the concentration
of nitric acid and hydrochloric acid. In the mixed electrolyte solution that consists of 3.0
mol L−1 H2SO4, 1.0 mol L−1 HCl solution and 0.2 mol L−1 HNO3, the current density of the
corrosion cell on the aluminum foil surface can reach 0.2 A cm−2, which leads to square tunnels
of high density on the surface of aluminum foils. The length and width of the tunnels are about
25–30 and 2 µm, respectively. The morphology of the tunnels is similar to that obtained by
DC etching. The current results indicate that the generation of tunnels has a close correlation
with the hydrogen evolution corrosion and oxygen absorption corrosion in the corrosion cell.
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1. Introduction

The rapid development of the electronic industry
promotes massive production and wide-spread appli-
cations of aluminum electrolytic capacitors, which is
smaller than other capacitors but has a greater capac-
ity per volume. It is well known that the capacitance of
aluminum electrolytic capacitors is determined by the
surface area of the aluminum foil electrodes. DC or AC
etching is usually considered to be an effective method
of increasing the surface area of aluminum foils. The
growth of pits using high-purity aluminum during DC
etching in hot HCl solutions has been investigated
with respect to the effect of electrolyte conditions on
the pit shape [1], morphology of the early stages of
the pitting corrosion [2], the tunnel pit growth rate
[3], the effect of impurities on the DC etching behav-
ior [4, 5], the influence on the etch pit width and tun-
nel length [6], the tunnel growth effect after prepro-
cessing with polymeric corrosion inhibitor before DC
etching [7], and other methods assisting DC etching
[8].
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In general, many previous works have investigated
the tunnel growth in aluminum foils by DC or AC
etching [9–15]. However, whether a tunnel can grow
without any DC or AC power has barely been studied.
In this work, we report a corrosion cell-based etching
process of high purity aluminum foils in a corrosion
cell, aiming to develop a novel method for produc-
ing aluminum foils with the high specific surface area.
The aluminum foil was immersed in the solution of
H2SO4-HCl-HNO3 in a corrosion cell that uses the
Al foil and graphite as the electrodes (Fig. 1). Tun-
nels with defined morphologies were produced in the
Al foils. The current density on the surface aluminum
foil was determined, and the tunnel morphology was
characterized by scanning electron microscope. The
kinetics process of electrode reactions was also ana-
lyzed. The width and length of the tunnels have a
size of about 2 and 30 µm, respectively, which is sim-
ilar to the tunnel morphology obtained by DC etch-
ing. Therefore, the current corrosion cell can be used
to enlarge the surface area of aluminum foils for alu-
minum electrolytic capacitors. The current method is
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Ta b l e 1. Element content in the aluminum foil (%)

Al Cu Fe Zn Mn Si Cr

99.991 0.0048 0.0016 0.0010 0.0003 0.0002 0.0002

environment-friendly because the etching process can
be performed without any external current source.

2. Experimental

2.1. Materials

The material used in the etching experiments was
the commercial aluminum foil (99.998 wt.%) for high-
voltage electrolytic capacitors. The percentage content
of the elements is shown in Table 1. Sulfuric acid (an-
alytically pure), hydrochloric acid (analytically pure),
nitric acid (analytically pure), sodium hydroxide, ti-
tanium dioxide, isopropyl alcohol, dibutyl phthalate,
perchloric acid and absolute ethyl alcohol were used
as received.

2.2. Etching aluminum foils in the corrosion
cell

The configuration of the corrosion cell for the elec-
trochemical etching of aluminum foils is shown in
Fig. 1. Graphite plates were used as the counter elec-
trode, and the aluminum and graphites were directly
connected with wires. The electrolyte consisted of
3 mol L−1 H2SO4 and 1mol L−1 HCl, to which 0–0.3

Fig. 1. Schematic description of the corrosion cell for alu-
minum foil etching.

mol L−1 HNO3 was added. The etching was carried
out for 5 min at 75◦C. The foil was rinsed with deion-
ized water after etching.

2.3. Characterization of the morphology of
etched Al foils

The morphology of tunnels was characterized using
a ZEISS SIGMA scanning electron microscopy (SEM).
The cross section of aluminum foil was first polished
with the mechanical and electrochemical method and
then characterized with metalloscope.

3. Results and discussion

3.1. Influence of nitric acid concentration on
tunnels morphology

To reveal the role of nitric acid on the tunnel mor-

Fig. 2. Cross-section images of aluminum foils after etching at different concentrations of nitric acid. (A): 0 mol L−1; (B):
0.1 mol L−1; (C): 0.2 mol L−1; (D): 0.3 mol L−1.
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phology of etched aluminum foils, the concentration of
nitric acid was varied in the corrosion cell consisting
of the high-purity Al foil and graphites while sulfu-
ric acid and hydrochloric acid of the corrosion liquids
were fixed at 3 and 1mol L−1, respectively. The etch-
ing was always performed at 75◦C. After corrosion, the
cross-section metallographic phase of the aluminum
foil was checked with SEM and is shown in Fig. 2. As
revealed by Fig. 2, in the absence of nitric acid in the
electrolyte, no tunnel on the surface of aluminum foil
can be observed. Only in the presence of nitric acid
can the corrosion cell-based etching process generate
tunnels in the aluminum foil. Furthermore, the tunnel
density is relevant to the concentration of nitric acid
(Cni). At Cni = 0.1 mol L−1, tunnels can be observed.
The tunnel density increases when Cni increases to 0.2
mol L−1. However, further increase of nitric acid leads
to decreased tunnel density, which is because the sur-
face corrosion of the aluminum foil becomes dominant
(Fig. 2D).
To understand the effect of HNO3 on the corro-

sion current of aluminum foil in the corrosion cell, the
current density was determined in the electrolyte of
3.0 mol L−1 H2SO4 and 1.0 mol L−1 HCl, to which
HNO3 with different concentration was added (Fig. 3).
Figure 3 shows that the corrosion current density in-
creases with the concentration of HNO3 in the elec-

Fig. 3. The relation between current density on aluminum
foils surface and concentration of HNO3 in the electrolyte

of the corrosion cell.

trolyte and eventfully levels off when the nitrate con-
centration increased to 0.3 mol L−1. After this con-
centration, the current density increases slowly with
increasing concentration of nitric acid and finally a
maximum value of 0.20 A cm−2 was achieved. There-
fore, the limiting current density of the aluminum foil
surface is 0.2 A cm−2 in a corrosion cell in the system.

Fig. 4. SEM of the aluminum foil surface after etching in the corrosion cell in the electrolyte 3 mol L−1 H2SO4 + 1mol L−1

HCl and (A) 0.0 mol L−1HNO3; (B) 0.1 mol L−1HNO3; (C) 0.2 mol L−1 HNO3; (D) 0.3 mol L−1 HNO3.
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Fig. 5. Cross-section images of aluminum foils after etching in corrosion cell at different HCl concentration: (A) 0.3 mol L−1;
(B) 0.5 mol L−1; (C) 0.7 mol L−1; (D) 0.9 mol L−1; (E) 1.1 mol L−1; (F) 1.3 mol L−1.

Figure 4 shows the surface morphology of the alu-
minum foil etched in the corrosion cell. It is clear that
the size of tunnels is about 1 µm, which is similar to
the tunnels in the aluminum foil etched by DC [1].
There are only a few tunnels in the absence of HNO3
(Fig. 4A). However, many tunnels appear when HNO3
was added, and the density of the tunnels increased
when the concentration of HNO3 increased up to 0.3
mol L−1. After this concentration, the density of tun-
nels starts to decrease, and the surface of aluminum
foil also becomes irregular. Figure 4C shows that the
density of tunnels almost reaches 107 cm−2.

3.2. Influence of the concentration of HCl in
the corrosion cell on the morphology of

tunnels

N. Osawa [16] and E. McCafferty [17] have sug-
gested that chloride ions attack Al metal during DC
or AC etching, and the pitting potential is dependent
of the concentration of chloride ions in the electrolyte.
To understand the electrode kinetics of pitting in alu-
minum foil etched in the current corrosion cell, the
influence of hydrochloric acid on the morphology of
tunnels of the etched aluminum foil is summarized
in Fig. 5. For this, the corrosive liquid consisted of
3 mol L−1 H2SO4 and 0.2 mol L−1 HNO3 while the
concentration of hydrochloric acid varied from 0.3 to
1.3 mol L−1. It is clear that the concentration of hy-
drochloric acid in the corrosive liquid also has a signif-
icant influence on the corrosion of the Al foil. With the
increasing concentration of hydrochloric acid, the sur-
face of the aluminum foil changes from the pure sur-

face corrosion into the pore corrosion that generates
tunnel-holes. The density of tunnels increases when
increasing the concentration of HCl in the electrolyte.
Although there is barely tunnel grow when the concen-
tration of HCl is less than 0.3 mol L−1, the density of
tunnels increases enormously when the concentration
of HCl is 0.9 mol L−1. Also, the concentration of HCl
almost does not affect the limit of tunnel length. This
conclusion seems to be contrary to other researchers’
conclusions, but because the current density has a di-
rect effect on the length of the tunnel during etching
on corrosion cell, so the effect of the chloride concen-
tration on the tunnel length is not so obvious in the
new etching method.

3.3. Discussion

It is well known that there are some conditions for
tunnel growth in aluminum foil during DC etching: on
the one hand, it needs enough concentration of Cl−

to attack aluminum. On the other hand, tunnels can
grow when the current density on the top of the tun-
nel is large enough. Figures 4 and 5 show that there
is no obvious morphologic difference between tunnels
by DC etching or in corrosion cell. Therefore it is very
important for tunnels on the surface of aluminum foil
to grow in corrosion cell. Figure 2 shows that the con-
centration of HNO3 in the electrolyte is a key factor
for the tunnel growth. The electrode reactions are as
follows when the electrolyte consists of 3.0 mol L−1

H2SO4 and 1.0 mol L−1 HCl:

Anode (aluminum foil): Al → Al3+ + 3e−, (1)
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Cathode (graphite): 2H+ + 2e− → H2. (2)

Under this condition, Fig. 3 shows that the current
density on the surface of the aluminum foil is only 0.01
A cm−2. Figure 4A indicates that there are some pits
on the surface of aluminum, but pits cannot grow into
tunnels. It is hard to find any tunnel in Fig. 2A.
After the HNO3 solution was added into the elec-

trolyte in the corrosion cell, the electrode reaction in
the electrolyte changes due to the decomposition of
nitric acid:

4HNO3 → O2 + 4NO2 + 2H2O. (3)

The decomposition of nitric acid produces oxygen,
which leads to the oxygen absorption corrosion reac-
tion at the cathode. Thus, the electrode reactions in
the electrolyte are as follows:

Anode : Al→ Al3+ + 3e−, (4)

Cathode : 2H+ + 2e → H2, (5)

2H2O+O2 + 2e → 4OH−. (6)

Therefore, when the aluminum foil and the graphi-
te electrodes are connected, and nitric acid is added
(Fig. 1), the anode reaction remains unchanged while
the oxygen absorption corrosion reaction is added to
the cathode reaction. This enhanced reaction turns
this system into a corrosion cell and enhances the cath-
ode reaction current of the aluminum foil during the
chemical corrosion. The whole system becomes a re-
action with characteristics of the small anode and big
cathode. This kind of reaction intensifies the chemical
corrosion and increases the surface current density of
the aluminum foil, leading to the generation of tunnels
that grow on the aluminum foil surface (100) crystal
plane.
At the same time, in the corrosion cell, the nitric

acid is resolved to NO2 which plays the role of trans-
ferring electrons in the electrode reaction process. The
electrode reactions are as follows:

NO2 + e→ NO−
2 , (7)

NO−
2 +H

+ → HNO2, (8)

HNO2 +HNO3 → NO2H2O. (9)

Chemical Eqs. (7)–(9) show that NO2 accelerates
the cathode reaction process and regenerates during
etching. In this way, the current density in the corro-
sion cell increases from 0.01 to 0.2 A cm−2.
The schematic description of the cathode reaction

process is shown in Fig. 6. Figure 6a shows the cath-
ode reaction process without HNO3 in the electrolyte,

Fig. 6 Schematic description of the cathode reaction pro-
cess (A) without HNO3 in the electrolyte; (B) with HNO3

in the electrolyte.

Fig. 6b shows the cathode reaction process after HNO3
is added to the electrolyte. Chemical equation Eq. (7)
shows the cathode electrode reaction rate depends on
the concentration of NO2 when NO2 yields a satu-
rated solution; electrode transaction rate reaches a
limit value. Figure 3 indicates that the limit current
density is 0.2 A cm−2 in the corrosion cell. So NO2
speeds up the transfer of electrons at the cathode in
corrosion cell, at the same time, the current density on
the surface of aluminum foil increases, tunnels grow to
enlarge the surface area of the aluminum foil.
Figure 7 shows the SEM image of aluminum etched
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Fig. 7. SEM image of aluminum etched in corrosion cell
for 5 min.

Fig. 8. SEM image of aluminum etched in corrosion cell
for 1 min.

in corrosion cell for 5 min. The size of most tunnels
is larger than 1 µm. It is well known that the size
of tunnels etched by DC etching is about 1 µm so
that the tunnel growth mechanism may be different
between DC etching and corrosion cell method. The
tunnel walls are passivated during tunnel growth when
DC etching, while the tunnel walls are activated when
aluminum etched in corrosion cell. Figure 8 shows the

Fig. 9. Schematic description of the tunnel growth process
in corrosion cell.

Fig. 10. AFM image of aniline polymer.

SEM image of aluminum etched in corrosion cell for
1 minute; Fig. 8 indicates that the boundary around
tunnels walls may be etched continually. So the size of
tunnels is larger than 1 µm.
Figure 9 shows the schematic description of the

tunnel growth process in the corrosion cell. On the
surface of aluminum, anode region, and cathode region
which composed corrosion cell close together, the cath-
ode region must be large enough to provide current for
tunnel growth in the anode region, so the anode re-
gion is enclosed by cathode region, along with tunnel
growth. The resistance between anode and cathode
slowly becomes greater, the current at the top of the
tunnel becomes smaller, so that the tunnel stops grow-
ing, while the new anode region appears at the edge
of the tunnel, so the size of the tunnel becomes larger.
The tunnel morphology is shown in Fig. 8.
To improve the tunnels morphology on the sur-

face of aluminum, aniline polymer was covered on the
aluminum surface based on the electropolymerization
method; the surface morphology has been imaged by
atomic force microscopy. Figure 10 shows the image
of aniline polymer; the thickness is about several nm,
many columns appear on the surface of aluminum.
Figure 11 shows the SEM image of aluminum cov-

ered with aniline polymer after etching in the corro-
sion cell. Figure 11 indicates that the tunnel size is
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Fig. 11. SEM image of aluminum covered with aniline poly-
mer.

about 1 µm, so the aniline polymer has effect on tun-
nels growth model, because the aniline polymer is con-
ductive material, on one hand, the gaps point between
columns on the surface of aluminum is more easily to
be etched in corrosion cell, on the other hand, the ani-
line polymer was used to protect aluminum etching,
so the tunnel edge could not be etched.

4. Conclusions

In summary, the corrosion cell consisting of high-
purity aluminum foils and graphite was designed to
enlarge the surface area of aluminum foils for alu-
minum electrolytic capacitors by producing tunnels in
the Al foils. The current density in corrosion cell is de-
pendent on the constituents of the electrolyte. Experi-
ments indicate that the current density increased with
HNO3 concentration when the mixture of H2SO4-HCl-
-HNO3 was used as the electrolyte, and the current
density increased from 0.01 to 0.2 A cm−2. NO2 in
the electrolyte speed up the transfer of electrons at
the cathode in corrosion cell, so when NO2 reaches
saturation, the current density reaches the maximum
value of 0.2 A cm−2. The width and length of the tun-
nels have a size of about 2 and 30 µm, respectively,
which is similar to the tunnel morphology obtained
by DC etching, but the tunnel width is larger than
that etched by DC etching. The results indicate that
tunnels walls are active during growing, and the ani-
line polymer on the surface of aluminum has an effect
on tunnels growth model. Therefore, the current cor-
rosion cell can be used to enlarge the surface area of
aluminum foils for aluminum electrolytic capacitors.
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