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1. Measurements of optical reflection spectra of the cross sections of AAO 

membranes. 

 
 
 
 

 
 
Fig. S1. Schematic illustration of micro-spectroscopy measurements of the cross sections of 

AAO membrane by a confocal microscope (Olympus, 100×) with an imaging spectrometer 

(iHR550). 
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2. Measurements of sizes and their distributions of the top and the bottom 

nanochannels of AAO membranes by a Gatan DigitalMicrograph (DM) software 

    

    

    

    
 

Fig. S2. Size distribution histograms of the top and the bottom nanochannels in the 

through-channel AAO membranes prepared at 13 ºC for 640 min. (a1), (b1), (c1) and (d1) 

show the size distributions of the top nanochannels in the AAO membranes after the etching 

for 0, 10, 35, and 60 min, respectively. (a2), (b2), (c2) and (d2) represent those of the bottom 

nanochannels in the same AAO membranes corresponding to (a1), (b1), (c1) and (d1), 

respectively. 

(a1) 

(c1) 

(b1) 

(a2) 

(c2) 

(b2) 

(d1)  (d2) 

52.9±3.0 nm   37.1±2.0 nm   

64.6±3.6 nm    54.8±2.4 nm  

75.0±2.2 nm    62.9±3.0 nm  

82.6±3.0 nm   72.6±3.7 nm  
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Fig. S2-a1. (a) TEM image of the top surface of the AAO membrane without the chemical 

etching corresponding the analyzed nanochannels after the thresholding based on the DM 

software, the thresholding is the process of separating the top surfaces of the nanochannels 

from the rest of the image. (b) Measurements of the sizes (diameter, unit: nm) of the analyzed 

nanochannels on the top surface of the AAO membrane. 
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Fig. S2-a2. (a) TEM image of the bottom surface of the AAO membrane without the chemical 

etching corresponding the analyzed nanochannels after the thresholding. (b) Measurements of 

the sizes (diameter, unit: nm) of the analyzed nanochannels on the bottom surface of the AAO 

membrane. 
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Fig. S2-b1. (a) TEM image of the top surface of the AAO membrane with the chemical 

etching for 10 min corresponding the analyzed nanochannels after the thresholding. (b) 

Measurements of the sizes (diameter, unit: nm) of the analyzed nanochannels on the top 

surface of the AAO membranes. 
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Fig. S2-b2. (a) TEM image of the bottom surface of the AAO membrane with the chemical 

etching for 10 min corresponding the analyzed nanochannels after the thresholding. (b) 

Measurements of the sizes (diameter, unit: nm) of the analyzed nanochannels on the bottom 

surface of the AAO membrane. 

 

R0

R1

R2

R3

R4

R5

R6

R7

R8

R9

R10

R11

R12

R13

R14

R15

R16

R17

R18

R19

R20

R21

R22

R23

R24

R25

R26

R27

R28

R29

R30

R31

R32

R33

R34

R35

R36

R37

R38

R39

FilledArea CircDiamete

2079.0 51.2939

2313.0 54.3009

2103.0 51.579

2345.0 54.5909

2201.0 52.6374

1310.0 40.6007

2126.0 52.0292

2181.0 52.6036

2174.0 52.4641

2192.0 53.7233

2340.0 54.5578

2178.0 52.5422

2162.0 52.4098

2207.0 52.9048

2162.0 52.15

2328.0 54.2432

2151.0 52.2516

2843.0 63.2774

2162.0 52.3407

2368.0 54.6665

2251.0 53.7247

2379.0 54.877

2262.0 53.8521

2463.0 56.3214

2164.0 52.265

2322.0 54.4543

2215.0 52.8736

2294.0 53.9513

2371.0 54.8696

2264.0 53.6002

2329.0 54.3841

2431.0 56.0737

2259.0 53.381

2282.0 53.6814

2383.0 55.6423

2335.0 54.3869

2119.0 51.8547

2308.0 54.0974

2266.0 53.5994

2417.0 55.5691

R40

R41

R42

R43

R44

R45

R46

R47

R48

R49

R50

R51

R52

R53

R54

R55

R56

R57

R58

R59

R60

R61

R62

R63

R64

R65

R66

R67

R68

R69

R70

R71

R72

R73

R74

R75

R76

R77

R78

R79

FilledArea CircDiamete

2199.0 52.6575

2405.0 55.2177

2481.0 56.0682

2162.0 52.2697

2335.0 54.3686

2244.0 53.2282

2264.0 53.6645

2534.0 57.625

2202.0 52.8003

2292.0 54.0297

2277.0 53.8563

2523.0 57.3226

2419.0 55.3442

2302.0 54.2118

2423.0 55.2956

2393.0 55.2973

2325.0 54.0728

2167.0 52.3082

2515.0 56.4181

2195.0 52.6626

2386.0 54.9368

2413.0 55.2032

2336.0 54.4041

2509.0 57.1509

2321.0 54.2183

2473.0 56.0713

2415.0 55.1542

2337.0 54.3995

2607.0 58.0236

2275.0 53.6458

2580.0 57.1253

2431.0 55.6644

2022.0 50.8936

2637.0 57.8636

2173.0 52.497

2457.0 55.7355

2299.0 54.0809

2402.0 55.0423

2465.0 55.9482

2307.0 54.1034

R80

R81

R82

R83

R84

R85

R86

R87

R88

R89

R90

R91

R92

R93

R94

R95

R96

R97

R98

R99

R100

R101

R102

R103

R104

R105

R106

R107

R108

R109

R110

R111

R112

R113

R114

R115

R116

R117

FilledArea CircDiamete

2491.0 56.4411

2363.0 54.8216

2540.0 56.8558

2209.0 53.5119

2302.0 54.0322

2579.0 57.1011

2359.0 54.9194

2629.0 57.7226

2378.0 54.9124

2564.0 56.9075

2401.0 55.2779

2344.0 54.3236

2693.0 58.6762

2367.0 54.6353

2525.0 56.6326

2448.0 55.7301

2260.0 53.7248

2669.0 58.3209

2410.0 55.3911

2384.0 54.8803

2434.0 55.4636

2577.0 57.2283

2395.0 55.0361

2451.0 55.6854

2610.0 57.771

2426.0 55.9656

2520.0 56.5984

2343.0 54.6553

2437.0 55.4899

2638.0 58.0958

2532.0 56.6683

2581.0 57.3283

2371.0 55.1474

2407.0 55.3354

2552.0 57.0706

2702.0 59.8972

2618.0 58.3722

2341.0 55.4722

(a) 

(b) 



8 
 

 

   
 
Fig. S2-c1. (a) TEM image of the top surface of the AAO membrane with the chemical 

etching for 35 min corresponding the analyzed nanochannels after the thresholding. (b) 

Measurements of the sizes (diameter, unit: nm) of the analyzed nanochannels on the top 

surface of the AAO membranes. 
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Fig. S2-c2. (a) TEM image of the bottom surface of the AAO membrane with the chemical 

etching for 35 min corresponding the analyzed nanochannels after the thresholding. (b) 

Measurements of the sizes (diameter, unit: nm) of the analyzed nanochannels on the bottom 

surface of the AAO membrane. 
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Fig. S2-d1. (a) TEM image of the top surface of the AAO membrane with the chemical 

etching for 60 min corresponding the analyzed nanochannels after the thresholding. (b) 

Measurements of the sizes (diameter, unit: nm) of the analyzed nanochannels on the top 

surface of the AAO membrane. 
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Fig. S2-d2. (a) TEM image of the bottom surface of the AAO membrane with the chemical 

etching for 60 min corresponding the analyzed nanochannels after the thresholding. (b) 

Measurements of the sizes (diameter, unit: nm) of the analyzed nanochannels on the bottom 

surface of the AAO membrane. 
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3. Selected area electron diffraction patterns of the AAO membranes with 

different nanochannel sizes after partially covering the central transmitted beam 

by a beam stopper. 

 

    

    

    

    

 
Fig. S3 Selected area electron diffraction patterns of the AAO membranes with 

different nanochannel sizes after partially covering the central transmitted beam by 

a beam stopper. (a), (b), (c) and (d) Top surfaces of the nanochannels in the AAO 

membranes formed after etching the through-channel membranes immersed in a 5 % 

H3PO4 solution at 30 C for 0, 10, 35 and 60 min, respectively, corresponding to the 

nanochannel sizes of 52.9±3.0, 64.6±3.6, 75.0±2.2 and 82.6±3.0 nm. (e), (f), (g) and 

(h) Bottom surfaces of the nanochannels in the same membranes formed after etching 

the through-channel membranes for 0, 10, 35, and 60 min, respectively, corresponding 

to the nanochannel sizes of 37.1±2.0, 54.8±2.4, 62.9±3.0 and 72.6±3.7 nm.  
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4. Statistic measurements of 300 nanochannel spacings and theirs distributions 

on the top and the bottom surfaces for every AAO membrane by the DM 

software 

 

     

     

     

     
 

 

 

 

 

104.5±4.6 nm   100.5±3.2 nm  

105.8±6.1 nm   102.7±4.1 nm  

103.6±4.7 nm   104.1±5.2 nm  

100.1±5.5 nm   103.1±5.7 nm  

(a1) 

(c1) 

(b1) 

(a2) 

(c2) 

(b2) 

(d1)  (d2) 
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Fig. S4. Histograms of 300 nanochannel spacing on the top and bottom surfaces for every 

AAO membrane. (a1), (b1), (c1), and (d1) show the spacing distributions on the top surface of 

the membranes after the chemical etching for 0, 10, 35, and 60 min, respectively. (a2), (b2), 

(c2), and (d2) correspond to those on the bottom surfaces in the same membranes, 

respectively. (f1) and (f2) demonstrate the line profiles from one of two adjacent 

nanochannels by the DM software, respectively, the widths of the dashed-line frames 

represent the spacing of two adjacent nanochannels, insets: typical images of the spacing 

measurements based on the line profiles. 

 

 

 

 

 

 

 

(f1) 

(f2) 
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5. Reflection spectra of the top and the bottom surfaces of the truncated conical 

nanochannels in the as-prepared AAO membrane 

 

 

 

 
 

Fig. S5. Reflection spectra of the top and the bottom surfaces of the as-prepared 70 m thick 

AAO membrane by using a UV-Vis-NIR spectrophotometer with an integrating sphere 

(PerkinElmer Lambda 750S).  
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6. Current density with anodization time at the self-ordering growth 
(steady-state) process 
 
 
 

 
 
Fig. S6. Curve of the current density with the anodization time during the self-ordering growth 

of the AAO membranes (under the anodization voltage of 40 V at 13 C). 
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7. Plot the experimental data of current density at different anodization 

temperatures 

 
 
 

 
 
Fig. S7. Current density during the anodization process with the electrolyte temperature and 

the fit curve according the equation (3) in the text. The fitted results are 51045.1 Oi , 

81000.1 Mi , 3300 , 4800 . 
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8. Etching as-prepared through-channel AAO membranes based on the 

temperature gradient regime to achieve the nanochannels with cylindrical 

geometry 

 
The as-prepared through-channel AAO membranes through a drying treatment were 

floated on the surface of a 5 % H3PO4 solution (Fig. S8), where the H3PO4 solution 
was put in a petri dish that was partially immersed into a digital-control water bath 

with a temperature of 30 C by control of a heating element, the temperature of the 

bottom surface of the AAO membranes equals to that of the H3PO4 solution, which 
can be measured by a thermocouple fixed into the water bath. The digital-control 
water bath was put into a horizontal refrigerator with a surrounding temperature of 8 

C, the surrounding temperature can be controlled by the refrigerator, the temperature 

of the top surfaces of the AAO membrane exposed to the surrounding were measured 
by a mercury thermometer. The bottom surfaces of the membranes are in contact with 
the surface of the H3PO4 solution with a high temperature of 30 ºC by control of a 
constant temperature in a digital-control water bath, while the top surfaces are 
exposed to the surrounding with a low temperature of 8 ºC, this gives rise to a 
temperature gradient of the solution in the nanochannels from down to up based on a 
capillary phenomenon. In the case, the enlarging rate of the nanochannels on the 
bottom segment is larger than that on the top segment during the etching process, 
which results in the decrease of the original size deviation along the long axis of the 
nanochannels (Fig. 5a in the text). For the as-prepared through channel AAO 
membranes with different thicknesses (e.g., 27 μm, 60 μm, 70 μm and 93 μm), the 
etching time corresponds to 2 min, 5 min, 10 min and 40 min, respectively. 
 

 
 

Fig. S8. Schematic illustration of the setup of the etching method based on the temperature 

gradient regime. 
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9. Morphologies and size distributions of the top and the bottom nanochannels in 

the through-channel AAO membranes formed at the constant voltage of 40 V 

and different electrolyte (anodization) temperatures 

   

   

   

   

(a2) (a1) 

(b2) (b1)   

(c1)  (c2)  

(d1)  (d2)  
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Fig. S9. SEM images of the top and bottom surfaces of the through-channel AAO membranes 

formed at the constant voltage of 40 V and different anodization temperatures, all of the 

through-channel membranes are not through any etching treatment. (a1), (a2) Top and bottom 

surfaces of a 27 μm thick membrane prepared through the second anodization at the constant 

temperature of 0C for 660 min, respectively. (b1), (b2) Top and bottom surfaces of a 60 μm 

thick membrane prepared at 11C for 720 min, respectively. (c1), (c2) Top and bottom 

surfaces of a 70 μm thick membrane prepared at 13C for 640 min, respectively. (d1), (d2) 

Top and bottom surfaces of a 93 μm thick membrane prepared at 17C for 660 min, 

respectively. 

    

    

    

    
Fig. S10. Size distribution histograms of the top and bottom nanochannels in the 

corresponding through-channel AAO membranes shown in Fig. S9. 

37.6±4.1 nm   30.9±2.0 nm   

31.6±2.3 nm   

61.5±2.7 nm   32.6±2.2 nm  

(a1) 

(c1) 

(a2) 

(d1)  

43.7±3.0 nm    

49.3±2.2 nm   33.3±1.7 nm  

(b1) 

(c2) 

(b2) 

(d2) 
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10. Reducing the size difference between the top and the bottom nanochannels in 

the AAO membranes by an effective etching method based on the temperature 

gradient regime 

   

   

   

   

(a1) (a2) 

(b1) (b2) 

(d1) (d2) 

(c1) (c2) 
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Fig. S11. SEM images of the top and the bottom surfaces of the AAO membranes by the 

etching method based on the temperature gradient regime. (a1), (a2) Top and bottom surfaces 

of the 27 μm thick membrane after the etching for 2 min, respectively. (b1), (b2) Top and 

bottom surfaces of the 60 μm thick membrane after the etching for 5 min, respectively. (c1), 

(c2) Top and bottom surfaces of the 70 μm thick membrane after the etching for 10 min, 

respectively. (d1)-(f1) Top surfaces of the 93 μm thick membranes after the etching for 10, 25, 

and 40 min, respectively, (d2)-(f2) Corresponding the bottom surfaces of the 93 μm thick 

membranes after the etching for 10, 25, and 40 min, respectively. 

 

 

    

(e1) (e2) 

(f1) (f2) 

37.7±3.1 nm   37.8±3.9 nm    
(a1) (a2) 
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Fig. S12. Size distribution histograms of the top and the bottom nanochannels in the AAO 

membranes shown in Fig. S11. 
 

 

41.9±2.1 nm   

72.3±2.4 nm   78.3±3.2 nm    

43.8±3.3 nm    

58.5±2.0 nm   69.6±4.8 nm    
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11. Comparisons of the voltage compensation method, and constant anodization 

voltage and subsequent temperature gradient etching method to fabricate the 

AAO membranes 

Consider the nanochannel size is linearly proportional to the anodization voltage 

during the anodization, Shang et al. proposed a voltage compensation method to 

fabricate the AAO membranes with uniform diameter of nanochannels (G. L. Shang et 

al. Mater. Lett. 110, 156-159 (2013)). Note that the voltage compensation method 

presents the essentially different aspects when comparing our constant anodization 

voltage and subsequent temperature gradient etching method: 

(a). Growth regimes of nanochannels in AAO membranes are entirely different 
   The growth regimes of the nanochannels in AAO membranes strongly depend on the 
anodization voltage. Furthermore, pore spacing, pore size and wall thickness are 
linearly proportional to the voltage during both mild anodization (MA) and hard 
anodization (HA) (W. Lee et al. Nat. Mater. 5, 741-747 (2006)). In typical MA 
processes, self-ordered arrays of alumina nanopores can be obtained within three 
self-ordering growth regimes: (1) sulphuric acid at 25V for an interpore distance 
(Dint)=63 nm, (2) oxalic acid at 40V for Dint=100 nm (W. Lee et al. Nat. Mater. 5, 
741-747 (2006)), and (3) phosphoric acid at 195V for Dint=500 nm, indicating the 
self-ordering growth regime represents the constant voltages during the anodization. 
   In our work, all of the AAO membranes were fabricated under the self-ordering 
regime: oxalic acid (H2C2O4) at 40 V. The subsequent etching of the self-ordered AAO 
membranes only tune the nanochannel size but do not change their spacing and the 
ordered arrangement. That is, our AAO membranes fabricated under self-ordering 
regime and subsequent etching method are self-ordered nanochannel arrays. 
   In contrast, for the voltage compensation mode, the voltage was gradually 
increased from 40 to 52 V during the anodization. Obviously, the growth method has 
deviated from the self-ordering growth regime. As a result, the formed AAO 
membranes are not self-ordered nanochannel arrays (the detail will be given in (b)). 
(b). Structures of the nanochannels in the AAO membranes fabricated by Shang’s 
method and our method are extremely different due to the two completely 
different growth regimes 
Firstly, in terms of the voltage compensation method 
   From the cross section SEM image (Fig. S13 from Shang’s paper), it is found that 
the spacing between the nanochannels in the AAO membrane fabricated by the voltage 
compensation method, obviously increases along the long axis of the nanochannels 
from about 102 nm on the upper layer marked with U, to about 120 nm on the middle 
layer marked with M, and then to about 134 nm on the under layer marked with L, this 
is because the nanochannel spacing in the AAO membranes formed under ordinary MA 
conditions is linearly dependent on the voltage with a proportionality constant of 2.5 
nmV−1 (W. Lee et al. Nat. Mater. 5, 741-747 (2006), Nat. Nanotechnol. 3, 234-239 
(2008).) One can clearly observe that the spacing displays remarkable increase from up 
to down. Additionally, the nanochannel density deceases from up to down along the 
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long axis. Since the nanochannel spacing continuously changes during the growth of 
the nanochannels from up to down with raising the anodization voltage gradually, the 
growth orientation is not coaxial, which results in a winding (not upright) growth of 
the nanochannels, especially the nanochannel structurers between the bottom and top 
sections are extremely different shown in the following surface SEM images, therefore, 
the nanochannel configuration is not cylindrical. That is, the cylindrical nanochannels 
cannot be fabricated by Shang’s method. 

 
Fig. S13. (a) SEM images of sample with the compensation voltage increased from 40 to 52 V. 
(b) Current–time curve and applied voltage. Reproduced from G. L. Shang et al. Mater. Lett. 
110, 156-159 (2013). 

 

Spacing: 102 nm 
Spacing: 120 nm 

Spacing: 134 nm 
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On the other hand, although SEM images of the surfaces of AAO membranes 
fabricated under the voltage compensation mode were not given in the Shang’s paper, 
we have supplemented the experimental data based on the voltage compensation 
method. Figs. S13(a1) and S13(a2) correspond to SEM images of the top and bottom 
surfaces of AAO membranes when the anodization voltage increases from 40 V to 52 V 
with a scan rate of 40 mV/min during the second anodization, it is clearly observed 
that the nanochannels on the top section (corresponding to the starting voltage of 40 V) 
basically keep the ordered arrangement, however, the ordered arrangement of the 
nanochannels on the bottom section (corresponding to the ending voltage of 52 V) has 
been damaged substantially (Fig. S14(a2)), especially, the majority of pores grown on 
the bottom surface are not regular as compared with those formed on the top surfaces, 
which further confirms that the whole nanochannels are not cylindrical. The 
supplemented experiments unambiguously testify that the uniform nanochannel 
diameter cannot be obtained by the voltage compensation method owing to breaking 
the self-ordering growth regime with the irregular shape of the nanochannels. 
Furthermore, to study the effect of voltage on the nanochannel structures, we have 
fabricated the AAO membranes by the voltage compensation from 40 V to 60 V. It is 
found the self-ordered arrangement of the nanochannels on the bottom surface has been 
damaged completely (Fig. S14(b2)), also most of the pores on the bottom surface 
present irregular shape. 

   

   
Fig. S14. SEM images of the AAO membranes fabricated by the voltage compensation 
method. (a1), (a2) Top and bottom surfaces for the voltage changing from 40 V to 52 V; (b1), 
(b2) Top and bottom surfaces for the voltage changing from 40 V to 60 V. 

 

Top surface: 40 V Bottom surface: 52 V 

Bottom surface: 60 V 

(a1) (a2)   

(b2) (b1)   Top surface: 40 V 
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Secondly, in terms of our work, the AAO membranes were fabricated by the 
self-ordering regime with the constant voltage of 40 V.     
   Statistic measurements of 300 nanochannel spacings on the top and bottom 
surfaces in the AAO membrane formed by the self-ordering growth (Fig. S4), 
illustrate the average spacing is constant (102.5 nm). Figs. S15(a1) and S15(a2) 
display SEM images of the top and bottom surfaces of the as-prepared self-ordered 
AAO membrane (reproduced from Fig. S10). While Figs. S15(b1) and S15(b2) 
illustrate SEM images of the top and bottom surfaces of the same AAO membrane 
after the temperature gradient etching (reproduced from Fig. S10). It is observed the 
nanochannel size on the bottom surface (Fig. S15(a2)) is much smaller than that on 
the top surface (Fig. S15(a1)), but the spacing between adjacent nanocnanels on the 
bottom surface is the same as that on the top surface, indicating the growth orientation 
of the nanochannels is coaxial with upright nanochannels. After the temperature 
gradient etching, the nanochannel size on the bottom surface (Fig. S15(b2)) is equals 
to that on the top surface (Fig. S15(b1)), also the nanochannel spacings on both the 
bottom and top surfaces are constant after the etching. So, the cylindrical 
nanochannels can be achieved by the temperature gradient etching of the truncated 
conical nanochannels. also, the nanochannels fabricated by the self-ordering growth 
regime and subsequent temperature gradient etching, exhibit hexagonally self-ordered 
arrangement with regular nanochannels. 

   

   
Fig. S15. SEM images of the AAO membrane fabricated by the self-ordering growth at the 
constant voltage of 40 V. (a1), (a2) Top and bottom surfaces of the as-prepared AAO 
membrane; (b1), (b2) Top and bottom surfaces via the temperature gradient etching. 

 

(a1) (a2)   

(b1)  Top surface after etching Bottom surface after etching 

Top surface before etching Bottom surface before etching 

(b2) 
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The following table lists the comparisons of the nanochannels: one is the self-ordered 
AAO membranes fabricated by our constant anodization voltage method 
(self-ordering growth regime) and the subsequent temperature gradient etching, the 
other is the AAO membranes fabricated by the voltage compensation mode (non 
self-ordering growth regime) reported by Shang et al. 

Comparison of parameters Self-ordering growth 
regime 

Non self-ordering 
growth regime 

Anodization voltage Constant (40 V) Variable (increasing 
from 40 V to 52 V) 
 

Spacing of nanochannels (Dint) Constant (102.5 nm) Variable (from 102 nm 
to 134 nm) 

Arrangement of nanochannels Self-ordered 
nanochannel arrays 

Disordered 
nanochannel arrays (on 
the bottom surface) 

Growth orientation of nanochannels Coaxial growth Non-coaxial growth 

Configurations of nanochannels High regular shape 
(upright 
nanochannels)  

Truncated conical 
nanochannels in 
as-prepared AAO 
membranes 

Cylindrical 
nanochannels via the 
etching based on the 
temperature gradient 
regime 

Irregular shape   
(winding nanochannels)  

Non-cylindrical 
nanochannels under the 
non-coaxial growth 

Density of nanochannels Constant 1.1
10 𝑐𝑚  

 
√

10 𝑐𝑚  

Variable (cannot be 
calculated statistically 
due to the disordered 
arrangement of 
nanochannels) 
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