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Abstract: Constant-current anodization of pure aluminum was carried out in non-corrosive capacitor working 
electrolytes to study the formation mechanism of nanopores in the anodic oxide films. Through comparative 
experiments, nanopores are found in the anodic films formed in the electrolytes after high-temperature storage (HTS) at 
130 °C for 240 h. A comparison of the voltage−time curves suggests that the formation of nanopores results from the 
decrease in formation efficiency of anodic oxide films rather than the corrosion of the electrolytes. FT-IR and UV 
spectra analysis shows that carboxylate and ethylene glycol in electrolytes can easily react by esterification at high 
temperatures. Combining the electronic current theory and oxygen bubble mold effect, the change in electrolyte 
composition could increase the electronic current in the anodizing process. The electronic current decreases the 
formation efficiency of anodic oxide films, and oxygen bubbles accompanying electronic current lead to the formation 
of nanopores in the dense films. The continuous electronic current and oxygen bubbles are the prerequisites for the 
formation of porous anodic oxides rather than the traditional field-assisted dissolution model. 
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1 Introduction 
 

It is well-known that aluminum and titanium 
can be anodized to obtain two kinds of anodic  
oxide films. One is a dense film, and the other is a 
porous film [1−3]. In recent years, porous anodic 
alumina (PAA) and anodic TiO2 nanotubes (ATNTs) 
have received significant attention in various  
applications, such as solar cells, supercapacitors, and 
sensors [4−8]. However, the formation mechanism 
of nanopores or nanotubes in anodic oxides is   
still controversial. At present, popular formation 
mechanisms of the nanopores are field-assisted 
dissolution and field-assisted ejection models [9,10], 
oxide hydrolysis and equifield strength models [11,12], 
viscous flow and stress−strain models [13,14], and 

oxygen bubble mold effect [15−18]. The debate 
over these models is about the formation of initial 
nanopores in anodic oxides. The field-assisted 
dissolution model suggests that porous channels are 
dug “from top to bottom” by the dissolution digging. 
For example, PAA is generally prepared in oxalic 
acid, phosphoric acid, and sulfuric acid solution. In 
this case, the field-assisted dissolution reaction is 
expressed as Al2O3+6H+=2Al3++3H2O [8]. Similarly, 
ATNTs are formed in the solution containing F−; the 
field-assisted dissolution reaction of ATNTs is 
expressed as TiO2+6F−+4H+=[TiF6]2−+2H2O [1,9,12]. 
However, viscous flow and oxygen bubble mold 
effect suggest that the nanopores in PAA and 
ATNTs grow “from the bottom up” [13−16]. So, 
how exactly are the nanopores in PAA and ATNTs 
formed? Do they grow according to the “digging 
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from top to bottom” manner or the “from the 
bottom up” described by the oxygen bubble mold 
effect? These findings presented in this work will 
provide a new interpretation of the above two 
opposed growing patterns. 

Compared to PAA, there has been relatively 
less research on dense films of anodic alumina. 
Dense films are mainly used for corrosion 
protection of metals and as dielectric films in 
electrolytic capacitors [19−23]. The working 
electrolyte is required to have no corrosive effect on 
the dense film to improve the load life of aluminum 
electrolytic capacitors at high temperatures. 
Otherwise, due to the degradation of the dielectric 
properties of dense films, the life of the aluminum 
electrolytic capacitor will not reach the requirement 
of 3000 h at 125 °C. Recently, pure aluminum  
was anodized in the neutral and non-corrosive 
electrolytes, and many nanopores were found in  
the dense films. However, the formation of these 
nanopores cannot be explained by the field-assisted 
dissolution model mentioned above. Here, the 
formation mechanism of these nanopores in dense 
films of anodic alumina formed in the working 
electrolyte of capacitors was discussed to provide 
insights into the formation mechanism of porous 
anodic oxides. 
 
2 Experimental 
 

The sparking voltage of each electrolyte was 
tested to study the endurance voltage and 
breakdown characteristics of organic electrolytes in 
electrolytic capacitors. The testing method was to 
anodize pure aluminum at constant current. The 
primary purpose was to observe variations in    
the voltage−time curves of aluminum sheets in 
constant-current anodization and explore the 
anodization of pure aluminum in a given electrolyte, 
explicitly focusing on the sparking voltage. 
 
2.1 Pretreatment of aluminum sheets 

In this work, aluminum foil (purity, 99.999%, 
Baoji Titanium Tungsten Metal Limited Company), 
200 µm in thickness, was used as the anode 
material, and the cathode material was a     
10 cm × 1.3 cm × 0.2 cm graphite sheet. Before the 
anodization, aluminum foil was cut into 1 cm × 8 cm 
and electropolished in a mixed perchloric acid and 
ethanol (1:4 in volume ratio) at a constant current 

density of 300 mA/cm2 for 60 s. After being 
polished, the samples were thoroughly rinsed with 
plenty of deionized water and air-dried under 
ambient conditions. 
 
2.2 Preparation of organic electrolytes 

This work focused on the anodization of pure 
aluminum in four electrolytes. Four electrolytes 
were neutral, which means they do not have any 
corrosion. The purity of chemicals used in the four 
electrolytes was capacitance grade. 

The first electrolyte consisted of 4 wt.% 
24-carbon multibranched tetrameric ammonium 
carboxylate (HS-01), 94 wt.% ethylene glycol (EG), 
and no more than 2 wt.% monobutylphosphate 
(MBP). The solute and solvent were mixed 
according to the specified ratio and then heated to 
130 °C while continuously stirring until the solute 
was completely dissolved. Subsequently, MBP was 
added to the solution, and stirring continued at 
130 °C until fully dissolved. The final mixed 
solution appeared to be transparent and stable. 
500 g of the prepared mixed solution was used as 
the first electrolyte. The conductivity of the first 
electrolyte was 1320 μS/cm at 30 °C, measured by 
Shanghai LEI CI (DDSJ−307F) conductivity meter, 
and the pH was 6.8 measured by METTLER 
TOLEDO pH meter. The conductivity and pH of the 
following electrolytes were measured using the 
same methods as the first electrolyte. 

The high-temperature stability of the first 
electrolyte was studied to optimize the capacitors’ 
performance. 200 g of the first electrolyte was 
stored in a sealed container at 130 °C for 240 h. The 
stored electrolyte was called the second electrolyte. 
The conductivity of the second electrolyte was 
1108 μS/cm at 30 °C, and the pH was 6.7. 

The third electrolyte consisted of 4 wt.% 
ammonium sebacate (C10H24N2O4), 84 wt.% EG, 
10 wt.% polyethylene glycol (PEG) (relative 
molecular mass of PEG is 600), and no more than 
2wt% MBP. The preparation method for the third 
electrolyte was the same as that for the first. The 
conductivity of the third electrolyte was 
1560 μS/cm at 30 °C, and the pH was 6.8. 

Similarly, the third electrolyte was stored in 
the same condition as the first, and the stored 
electrolyte was called the fourth electrolyte. The 
conductivity of the fourth electrolyte was 
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1248 μS/cm at 30 °C, and the pH was 6.7. 
For studying the high-temperature stability and 

the changes in the composition of electrolytes after 
high-temperature storage (HTS), the electrolytes 
before and after storage were characterized      
by Fourier transform infrared (FT-IR) and UV 
spectroscopy. FT-IR spectra were obtained using a 
spectrophotometer (NICOLETIS10), covering 4000− 
500 cm−1 range. UV spectra were obtained using a 
spectrophotometer (UV−2200 spectrophotometer), 
covering the range of 200−800 nm, with deionized 
water serving as a reference solution. 
 
2.3 Anodization 

The whole anodizing process for testing the 
sparking voltage was carried out in the 
corresponding electrolyte at constant current 
(20 mA), room temperature, and normal air 
pressure. Voltage−time curves were automatically 
recorded by a computerized test system (H- 
1TV/3TV-C-Endurance Voltage Intelligent Tester). 
Once each electrolyte reached the sparking voltage, 
the anodizing duration was maintained for another 
100 s. The anodization in each electrolyte was 
repeated three times, and the three voltage−time 
curves were almost identical. Samples with good 
repeatability were selected for the characterization 
of FESEM. To ensure that the cross-section of 

anodic oxide films can be seen, each sample needed 
to be artificially bent into the “Ω”-shape during the 
FESEM sample preparation [1]. 
 
3 Results and discussion 
 
3.1 Anodization behavior of pure aluminum in 

the first and second electrolytes 
Figure 1 shows FESEM images of the utterly 

dense film of anodic alumina anodized in the first 
electrolyte. No nanopores can be found on the 
surface (Figs. 1(a, b)) and the cross-section of the 
dense film (Fig. 1(c)), which suggests that the first 
electrolyte has no corrosive effect on the dense film. 
According to the field-assisted dissolution model, if 
the electrolyte was corrosive, there would be cracks 
or nanopores on the surface of the dense film [2,12]. 
Figure 1(d) shows the voltage−time curve of the 
constant-current anodization. Before reaching the 
sparking voltage, the curve appears almost as a 
straight line as the thickness of the anodic oxide 
film increases. This means that the slope of the 
curve is constant, which is approximately 1.48. The 
constant slope indicates that the total current of 
20 mA is wholly used for the growth of the dense 
film, which means that the formation efficiency of 
the dense film of anodic oxides is almost 100% in 
Fig. 1 [16]. 

 

 
Fig. 1 FESEM images showing surface (a, b) and cross-section (c) morphologies of dense film anodized in the first 
electrolyte, and corresponding voltage−time curve (d) 
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Figure 2 shows FESEM images of the dense 
film of anodic alumina anodized in the second 
electrolyte. Figures 2(a, b) show SEM images of 
surface of the dense film, where no cracks and 
nanopores can be found on the surface. However, 
compared with Fig. 1(c), a clear “sandwich” 
structure appears in Fig. 2(c). In the “sandwich” 
structure, the upper and lower layers are dense films, 
with a clear, loose layer in the middle. There are 
several obvious cavities in the loose layer. The 
field-assisted dissolution model cannot explain the 
cavities of the loose layer because no nanopores can 
be seen on the surface in Figs. 2(a, b). It means that 
this electrolyte has no corrosive effect on the dense 
film. 

The formation of cavities and the loose layer 
can only be discussed from the voltage−time curve, 
which can reflect the whole anodizing process. 
Compared to the curve in Fig. 1(d), Fig. 2(d) shows 
a clear inflection point (E) around 180 V. After   
the inflection point E, the formation efficiency of 
anodic oxides starts to decrease. For example, at 
200 s, the voltage reaches about 308 V in Fig. 1(d), 
while in Fig. 2(d), it only reaches about 250 V 
simultaneously. Furthermore, the average slope in 

Fig. 2(d) is lower than that in Fig. 1(d), indicating 
that the formation efficiency in Fig. 2 is 
significantly lower than in Fig. 1 in the anodizing 
process. This may be due to the decrease in the 
oxidation efficiency of the electrolyte after 240 h of 
storage at 130 °C. Figure 3 shows the FT-IR and 
UV spectra of the first and second electrolytes. In 
Fig. 3, the peak at 1563.8 cm−1 should be the 
absorption peak of COO− in HS-01, which 
disappears after HTS, while a new absorption peak 
appears at 1666.87 cm−1. In the UV spectra of 
Fig. 3(b), the COO− has the maximum peak 
absorbance at 255 nm. However, after the HTS of 
the first electrolyte, it has a new peak absorbance at 
344 nm. The new peaks at 1666.87 cm−1 and 344 nm 
in Fig. 3 are more likely to be the absorption peak 
of the ester bond generated by the reaction of 
carboxylate and EG. This change in electrolyte 
composition after HTS may lead to a decrease in 
oxidation efficiency. While the oxidation efficiency 
of electrolytes decreases after HTS, the sparking 
voltage of the second electrolyte is higher than that 
of the first electrolyte because of the decrease in the 
electrolyte conductivity from 1320 to 1108 μS/cm 
after storage at 130 °C.  

 

 
Fig. 2 FESEM images showing surface (a, b) and cross-section (c) morphologies of dense film anodized in the second 
electrolyte, and corresponding voltage−time curve (d) 
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3.2 Anodization behavior of pure aluminum in 
the third and fourth electrolytes 
To further explore why the oxidation and the 

formation efficiency of anodic oxide differ for the 
same electrolyte (Fig. 1(d) and Fig. 2(d)) at the 
same anodizing current, the third and fourth 
electrolytes are compared next. The FESEM images 
of the surface and cross-section of the anodic oxide 
films anodized in the third and fourth electrolytes 
are shown in Fig. 4 and Fig. 5, respectively. 

The third electrolyte containing ammonium 
sebacate as the main solute differs from the 
previous two electrolytes. However, its pH is still 
close to neutral, indicating that the corrosive effect 

of the third electrolyte is also weak. However, many 
nanopores are found in the anodic oxide film 
formed in the third electrolyte. In Fig. 4(a), there 
are a few concaves on the surface. Cavities with 
diameters of about 100 and 300 nm can be found in 
the cross-section of the anodic film in Figs. 4(b, c). 
The concaves on the surface and cavities on     
the cross-section are not always connected. For 
example, the right-most cavity in Fig. 4(c),    
with a diameter of about 300 nm, has no direct 
connection to the surface concave. The field-assisted 
dissolution reaction does not cause the cavities in 
Fig. 4 because the third electrolyte is almost 
non-corrosive. The voltage−time curves in Fig. 2(d)  

 

 
Fig. 3 FT-IR (a) and UV (b) spectra of the first and second electrolytes 
 

 
Fig. 4 FESEM images showing surface (a) and cross-section (b, c) morphologies of dense film anodized for about 490 s 
in the third electrolyte, and corresponding voltage−time curve (d) 
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Fig. 5 FESEM images showing surface (a) and cross-section (b−e) morphologies of dense film anodized in the fourth 
electrolyte, and corresponding voltage−time curve (f) 
 
and Fig. 4(d) have similar shapes. In Fig. 4(d), the 
voltage keeps rising with time until the sparking 
occurs at 466 V and about 400 s. This work 
artificially maintains the sparking duration for 
about 100 s. When the sparking occurs, gas and 
smoke are released from the surface of the anodic 
oxide film. Within this time, the endurance voltage 
of the film reaches its highest point, approximately 
466 V, and then fluctuates up and down at    
466 V [22−25]. After the sparking, the electrical 
breakdown of the film occurs, and the total current 
(IT) of 20 mA in the anodizing process is 
completely transformed into the electronic current 
(Ie), which leads to the evolution of large amount of 
oxygen gas (4OH–=O2↑+2H2O+4e). That is, the 
applied electric field directly causes the release of 
electrons from the hydroxide ion into oxygen to 
maintain the source of many electrons in the 

electronic current at the breakdown state [26]. The 
most important concern is that the film thickness no 
longer increases within the 100 s duration after 
sparking, which means the formation efficiency of 
anodic oxides (η) decreases to 0. Therefore, in the 
growth process of anodic oxides, IT consists of ionic 
current (Iion) and Ie, IT=Iion+Ie. Iion=Aexp(BUapp/d) 
and Ie=I0exp(αd), it is clear that Iion and Ie are both 
related to the thickness (d) of the barrier layer. A 
and B are temperature-dependent constants, E is the 
field strength (E=UO/d), and UO is the voltage 
across the barrier oxide. α is the impact ionization 
coefficient of the avalanche, and I0 is the primary 
electronic current. In the anodizing process, Iion is 
used to grow anodic oxides, and Ie leads to oxygen 
gas evolution [16−18]. At the beginning of the 
anodizing process, Iion is completely used for the 
oxide growth. Thus, the η can be expressed as 
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η=Iion/IT=100%. However, when the sparking occurs, 
the thickness of the anodic oxide film no longer 
increases, and the electrical breakdown occurs. IT is 
completely transformed into Ie. Therefore, the η 
tends to be 0. So η=Iion/IT=0, that is Iion=0 and  
IT=Ie [16,17]. 

Based on the above, we can analyze the 
voltage−time curve in Fig. 1(d). Since the slope of 
the curve has barely decreased, the η is almost 
100%. Therefore, the voltage keeps rising with time 
until the sparking occurs. It can be considered that 
when the voltage keeps rising, there is almost no Ie, 
so η remains constant. In Fig. 2(d) and Fig. 4(d), 
after the inflection point E, the Ie, which does not 
form anodic oxides, starts to appear. The generation 
of Ie is the essential reason why η decreases in 
non-corrosive electrolytes. Ie leads to the oxygen 
gas evolution within the anodic oxides. However, 
due to the pressure of the atmosphere and the 
electrolyte, the oxygen bubbles which try to evolve 
cannot spill out beyond the anodic oxides, thus 
forming a loose layer in Fig. 2(c) and cavities in 
Fig. 4(c). After the inflection point E, as Ie begins to 
appear, the growth of anodic oxides and oxygen gas 
evolution are simultaneous. However, the Ie/IT is 
smaller than Iion/IT, which allows new anodic oxides 
to cross over the oxygen bubbles and continue to 
grow on top of them. When the Iion is dominant, the 
“sandwich” structure shown in Fig. 2(c) is formed. 
The loose layer in the middle of Fig. 2(c) is 
completed around 100 s after the inflection point E 
(EF period in Fig. 2(d)). Later, the slope of the 
voltage−time curve increases again, leading to the 
formation of dense films of anodic oxides in the top 
and bottom layers in Fig. 2(c). It has been 
documented that the newly anodic oxides grow 
simultaneously at the electrolyte/oxide and the 
oxide/Al interfaces. Compared to Fig. 2(d), it is 
clear that the EF period in Fig. 4(d) becomes a 
larger proportion of the total anodizing time. 
Therefore, the time of oxygen production is longer, 
resulting in more cavities in Figs. 4(b, c). 

It should be pointed out that no dissolution 
current is contributed by the chemical dissolution 
reaction (Al2O3+6H+=2Al3++3H2O) in the 
anodizing process. Because the dissolution reaction 
only occurs at the electrolyte/oxide interface, there 
are no ions or electrons across anodic oxides [27]. 
Many research groups have shown that the 
dissolution of anodic oxides by the electrolyte is 

very weak [28−32], so the dissolution current can 
be ignored. It is the prerequisite for estimating the  
η by Iion and Ie. The growth of the significant 
nanopores subsequently proceeds mainly due     
to the field-assisted flow of oxides rather than 
field-assisted dissolution [28,29]. Some researchers 
have reported that the formation of nanopores or 
nanotubes in anodic oxides of various metals is 
closely related to the oxygen gas evolution in the 
anodizing process. 

According to the above, it is easier to 
understand that, in Fig. 5(f), the decreased η of the 
EF period is due to the generation of Ie and oxygen 
gas evolution. FESEM images in Fig. 5(a) to 
Fig. 5(e) show many surface concaves and 
cross-section cavities. The fourth electrolyte is still 
neutral and non-corrosive. The oxidation efficiency 
of the ammonium sebacate-based electrolyte is 
significantly decreased because Ie is more easily 
generated after 240 h of storage at 130 °C. 

Figure 6 shows the FT-IR and UV spectra of 
the third and fourth electrolytes. Consistent    
with the result in Fig. 3(a), the absorption peak   
at around 1563 cm−1 disappears after the HTS of the 
 

 
Fig. 6 FT-IR (a) and UV (b) spectra of the third and 
fourth electrolytes 
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third electrolyte while the absorption peak at around 
1666 cm−1 appears in Fig. 6(a). In Fig. 6(b), it has a 
new peak absorbance at 402 nm. So, it can be 
inferred that when the electrolyte is at high 
temperatures, the carboxylate is likely to react with 
EG, which is the most common reason for the 
failure of working electrolytes in capacitors under 
high-temperature conditions. 
 
3.3 Relationship between nanopores formation 

and electrolytes 
In the anodizing process, the carboxylate in the 

organic electrolytes acts as solutes to provide O2− 
for the formation of anodic oxides. After HTS, the 
ability of the electrolytes to provide O2− is 
decreased because of the esterification reaction, 
which leads to a decrease in oxidation efficiency. 
The essence is also that the degradation of 
electrolyte performance leads to the generation of 
more electronic current and a decrease in the 
oxidation efficiency of electrolytes. In Fig. 5, the 
generation of Ie in the EF period leads to oxygen 
gas evolution. These evolved oxygen bubbles form 
the cavities within the anodic oxides in Fig. 5(e). 
The hemispherical arc at the bottom of the cavities 
in Fig. 5(e) proves that it is caused by the oxygen 
bubble mold effect [15,16]. The sparking voltage  
of the anodic oxide film in Fig. 5 is also about 

490 V, which indicates that the overlying anodic 
oxides above the cavities seen in Fig. 5(e) grow in 
the FG period of Fig. 5(f). Therefore, the endurance 
voltage of the whole film can reach about 490 V. 
And during the formation of the completely dense 
film at constant current, the voltage−time curves 
can represent the formation efficiency of anodic 
oxides. However, nanopores are generated in the 
anodizing process. In that case, the rate of voltage 
rise per unit time changes, and an inflection point in 
Fig. 2(d) and 4(d) or a voltage plateau in Fig. 5(f) 
appears in the voltage−time curves. It means that 
the formation of the dense film is influenced by the 
nanopores, resulting in a change in the thickness of 
the dense film, so the voltage−time curve is also 
changing [15−18]. 

Figure 7 shows the surface and cross-section 
morphologies of the dense film of anodic alumina 
anodized in the third electrolyte. Differently from 
Fig. 4, the dense film in Fig. 7 forms when the 
electrolyte reaches the sparking voltage and stops 
immediately instead of maintaining it for 100 s. It 
can be seen that nanopores can also be found on the 
surface and cross-section of the dense film. The 
electronic current and oxygen bubbles are generated 
in the early stage of the dense film formation, 
which results in the generation of nanopores. 

Table 1 shows a summary of the composition 
 

 
Fig. 7 FESEM images showing surface (a) and cross-section (b) morphologies of dense film anodized for about 390 s in 
the third electrolyte 
 
Table 1 Summary of properties of four electrolytes 

Electrolyte Composition Conductivity at 
30 °C/(μS∙cm−1) pH Sparking 

voltage/V 
Morphology of 

anodic film 
The first 4 wt.% HS-01+94 wt.% EG+2 wt.% MBP 1320 6.8 475 Completely dense film 

The second Same as the first but with carboxylic acid ester 1108 6.7 550 Sandwich structure 

The third 4 wt.% C10H24N2O4+84 wt.% EG+ 
10 wt.% PEG600+2 wt.% MBP 1560 6.8 466 A few concaves and 

cavities 

The fourth Same as the third but with carboxylic acid ester 1248 6.7 490 Many concaves and 
cavities 
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of the four electrolytes, their properties, and the 
morphologies of the anodic oxides. 
 
4 Conclusions 
 

(1) When pure aluminum is anodized at a 
constant current in non-corrosive capacitor working 
electrolytes that have been stored at high 
temperatures, inflection points appear in the 
voltage−time curves, the formation efficiency of 
anodic oxide is decreased, and nanopores can be 
found in the original dense films of anodic alumina. 

(2) The electrolytes are still neutral after HTS, 
but the carboxylate and EG in the electrolytes can 
easily react with esterification at high temperatures. 

(3) Combining the electronic current theory 
and oxygen bubble mold effect, the generation of 
electronic current could increase in the anodizing 
process after the HTS of electrolytes. The slope of 
the curve reflects the formation efficiency of anodic 
oxides in the anodizing process. The inflection 
points in the curves are due to the generation of 
electronic current. The electronic current decreases 
the formation efficiency of anodic oxides and leads 
to oxygen gas evolution. Oxygen bubbles remaining 
within the anodic oxide film form the nanopores.  
It also proves that chemical or field-assisted 
dissolution has no contribution to the anodizing 
current and does not affect the formation efficiency 
of anodic oxides. 
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摘  要：为了探讨阳极氧化膜中纳米孔洞的形成机理，在无腐蚀性的电容器工作电解液中进行纯铝的恒流阳极氧

化实验。对比实验发现，在 130 ℃高温储存 240 h 后的电解液中形成的阳极氧化膜中发现了纳米孔洞。由电压−

时间曲线可知，纳米孔洞的形成是由于氧化膜形成效率的降低而不是电解液的腐蚀。傅里叶红外和紫外光谱分析

结果表明，电解液中的羧酸盐和乙二醇在高温条件下很容易发生酯化反应。结合电子电流和氧气泡模具效应，电

解液成分的改变会增大阳极氧化过程中的电子电流。电子电流会降低阳极氧化膜的形成效率，而伴随其产生的氧

气泡会导致纳米孔洞的产生，即电子电流和氧气泡才是多孔氧化铝形成的先决条件，而非传统的场致助溶模型。 

关键词：阳极氧化铝；形成机理；纳米孔洞；形成效率；电子电流；氧气泡 
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