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Fig. 1. Diagram of electrochemical experimental setup.
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Fig. 2. Digital photographs of thin films prepared under conditions with oxidation voltages of 100, 110, 120, 130, and 140 V, and

oxidation times of 40 s each.
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Fig. 3. (a) Current line diagram when the oxidation voltage is greater than 110 V; (b) AAO film test area map.
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Fig. 4. Surface electron microscopic images of different regions of AAO films prepared at oxidation voltage of 140 V, oxidation time

of 40 s: (a) Region A; (b) region B; (c) region C; (d) region D; (e) region E; (f) region F.
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format; (b) threshold selection; (c) area calculation.
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Table 1.

data of alumina film with oxidation voltage of 140 V,

Measurement parameters and calculation

oxidation time of 40 s.
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(a) Jekt MR A8 AL; (b) BB IESE; (o) MBI

Fig. 5. Diagram illustrating the calculation of porosity of AAO using image binarization method: (a) Convert the image to a binary
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6 AALHE 140 V, ZALET ] 40 s 615 19 AAO A W] X 0 SEM I & (a) WA A IXH; (b) WM B X8l (c) #EA

C IX3; (d) #ME D X3 (e) Wil E X8 (f) #IK F X3

Fig. 6. Cross-sectional electron microscopy images of AAO films prepared at an oxidation voltage of 140 V and an oxidation time of

40 s, showing different regions: (a) Region A; (b) region B; (c) region C; (d) region D; (e) region E; (f) region F.

(a) FLikA
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A
B
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B 7 (a) AAO TS B2 8 7R 25 515 () 100 V45 119 AAO TS 31X 3 %1
Fig. 7. (a) AAO film thickness cross-section diagram; (b) test area map of AAO film fabricated at 100 V.
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Table 2. Measurement parameters and calculation

data of alumina film with oxidation voltage of 100 V,

oxidation time of 40 s.

X3, A B ¢
FHLAEEE /nm 10 9.5 9
L= 0.0425 0.0410 0.0382
WA /nm 264 254 230
AR 1.62 1.62 1.62
T /m 1 1 1
S /nm 570 549 497
o iy 2, a5, g dul g
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* - 100 nin

100 nm

100 nm

K8 AL 100 V, SALETE] 40 s 55 1 AAO AR Xk SEM Bl (a), (d) #EME A X484 32 i F1 i SEM B s (b)),
(e) WEIR B X4 i) 2 10 AT SEM JE 5 (c), (f) WEAR C X4l i 22 I R I SEM B8

Fig. 8. SEM images of different regions of the AAO film prepared at an anodization voltage of 100 V and an anodization time of

40 s: (a), (d) Surface SEM image of region A in film; (b), (e) surface SEM image of region B in film; (c), (f) surface SEM image of

region C in film.
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Fig. 9. Equivalent current line diagram at an oxidation
voltage of 100 V.
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(@)

gastié)

Bl 10 (a) BRBKG AL AR B (b) B ER AT R AL LR 30 V. ZAL T ]2 4 min £07 B A (

30 V., AL 8] 4 4 min #5003 X 38

S &

¢) WeER AT AR AL R

Fig. 10. (a) Schematic diagram of current lines for carbon sphere microelectrode; (b) digital photograph of carbon sphere microelec-

trode at an oxidation voltage of 30 V and oxidation time of 4 min; (c) test area of the sample with carbon sphere microelectrode at

an oxidation voltage of 30 V and oxidation time of 4 min.

100 nm

BT BeER AT R AL R 30 V, AL E] 4 min i &
B AAO WA ) X R I BE R (a) KERA; (b) X
B B; (c) XI C; (d) XD

Fig. 11. Surface SEM images of AAO films prepared with a
carbon sphere point electrode, oxidation voltage of 30 V,
and oxidation time of 4 min from different regions: (a) Re-
gion A; (b) region B; (c) region C; (d) region D.

£ 3 BRERACEA . FALEE 30 V, E ALK E
4 min {45 R EERRI i S HORH AR

Table 3. Measurement parameters and calculation
data for the aluminum oxide film with carbon sphere
point electrode, oxidation voltage of 30 V, and oxida-

tion time of 4 min.

X35, A B C D
LR /nm 33 30 28 26
S FLIE B /nm 97 97 100 105
FLERA 0.127  0.106  0.093  0.061

RS /nm 300 263 226 190
ARATHTR 1.57 1.58 1.59 1.61
T /m 1 1 1 1

B /nm 628 554 479 408

of o L 2, AN 5 ga) W g

B 12 Bk s s L SEfk L R 30 V, SUIE R ] 4 min i &
) AAO Wi JECR [R) X ) BB LA 1 (a) KB A; (b) X
3 B; (¢) X3 C; (d) X3 D

Fig. 12. Cross-sectional SEM images of AAO films prepared

with a carbon sphere point electrode, oxidation voltage of
30 V, and oxidation time of 4 min from different regions:
(a) Region A; (b) region B; (c) region C; (d) region D.
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Fig. 13. Schematic diagram of oxidation of carbon rod “quasi-point electrode”.
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Fig. 15. In Fig.14(b) shows digital photographs of AAO films prepared under an oxidation voltage of 110 V and an oxidation time
of 40 s, with O-to- O’ distances of 0, 0.2, 0.4, and 0.6 cm, respectively.
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angle 6 and oxidation current.
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Conductive behavior and mechanism of carbon rods during
preparing porous aluminum oxide by anodization”

YANG Shumin LI Xin  GU Jianjun! QI Yunkai‘

(School of Physics and Electronic Engineering, Hebei Minzu Normal University, Chengde 067000, China)
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Abstract

Porous anodic aluminum oxide (AAOQO) films, due to their excellent dielectric, mechanical, and optical
properties, have been widely used in electronic devices, catalytic supports, and optical materials. Anodization is
the primary method for fabricating high-quality porous AAO films. The conductive behavior and mechanism of
commonly used carbon rod counter electrodes are significant factors influencing the microstructure and
properties of the films. In this study, a phosphoric acid solution with a mass fraction of 6% is used as the
electrolyte, circular aluminum foil serves as the anode, and carbon rods are used as the counter electrodes
spaced 15 cm apart. The oxidation time is fixed at 40 s. The conductive behaviors of the carbon rod under
oxidation voltages ranging from 100 to 140 V are experimentally investigated. The results show that the pore
depth and diameter of the AAO film symmetrically decrease from the film center toward the edges. When the
oxidation voltage is below 110 V, the gradients of pore depth and diameter from the center outward are
relatively small, resulting in a macroscopically uniform structural color. At an oxidation voltage of 110 V, the
gradients of pore depth and diameter increase significantly, resulting in iridescent concentric ring structural
colors. As the voltage increases further, the gradients become more pronounced, the number of structural color
rings increases, and the visible color gamut significantly broadens. Electromagnetic and electrochemical theories
are utilized to calculate the conductive behaviors of the carbon rod under different oxidation voltages and to
analyze its conduction mechanism. The carbon rod is found to exhibit “quasi-point electrode” conductive
characteristics, with the selection of point electrode positions on the carbon rod following the principle of
minimizing the resistance between the two electrodes. This finding not only enriches the electrochemical theory

of anodization but also provides theoretical and experimental support for fabricating multifunctional AAQO films.

Keywords: porous anodic aluminum oxide, quasi-point electrode, current density gradient, structural color

modulation
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