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Abstract 

Fabrication of novel nanostructure materials on various metal substrates receives large attensions 

for numerous industrial applications. In this research, the influence of substrate temperature and 

electrolyte composition on pore parameters and oxide film thickness of anodic porous alumina 

(AAO) were studied. A 3D-printed solution-flow type microdroplet cell (SF-MDC) was used for 

the fabrication of AAO membranes in aluminum substrate. Alumina lines were formed at a 

constant applied voltage. The temperature of the substrate was controlled with a thermoelectric 

Peltier device system in the range of 10 ˚C to 60 ˚C. The surface and cross-section morphology of 

the anodic oxide lines were observed using a scanning electron microscope (SEM). The result 

showed that the pore diameter and interpore distance of the anodized lines increased as the 

substrate temperature increased. A highly ordered with hexagonal pore arrangement and lowest 

film thickness were obtained at the highest substrate temperature of 60 ˚C. The porous AAO 

membrane film thickness formed in the oxalic acid electrolyte increased from 32.2 m to 52.5 m 

as the anodizing substrate temperature reached 30 ̊ C and then declined to 12.8 m with increasing 

temperature to 60 ˚C. A through-hole porous AAO membranes were successfully fabricated at 

constant applied voltage and room temperature in oxalic and phosphoric acid without chemical 

etching. 
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1. Introduction 

Currently, the fabrication of numerous nanostructured materials and their commercial 

applications have drawn considerations [1]. Several electrochemical patterning techniques, such 

as lithography, masking, and coating, have emerged to fabricate porous anodic aluminum oxide 

(AAO) layers on aluminum (Al) substrates [2]. However, it is difficult to produce self-ordered 

nanostructures using conventional optical lithography techniques on length scales smaller than 

hundreds of nanometers. Advanced non-optic lithographic methods, such as X-ray, ion-beam, 

electron-beam, imprinting, and interference lithography, are more adequate to be used effectively 

for the fabrication of nanostructured materials at the nanometers scale [3]. However, these 

techniques are not widely used due to the complicated facilities that are needed during the 

fabrication process. The applicability of these techniques is restricted due to additional 

disadvantages like high cost and a poor aspect ratio of the generated nanostructure. 

Recent localized electrochemical fabrication techniques such as atomic force microscopes 

(AFM), scanning tunning microscopes (STM), and scanning electrochemical microscope (SECM) 

have been widely used to manufacture nanostructures on selective substrate areas [4] [5]. These 

methods are better than traditional lithographic and masking methods because they use a precisely 

defined area, need a minimal amount of electrolyte, and do not require any prior preparation of the 

substrate. The study on the fabrication technique of porous AAO membrane has been performed 

recently by many researchers using various techniques. Among those electrochemical fabrication 

techniques, electrochemical droplet cell techniques are getting specific consideration for localizing 

oxide lines on selective substrate areas [6] [7] [8]. A 3D-printed solution flow-type microdroplet 

cell (SF-MDC) is a recent new electrochemical fabrication technique that has been developed for 

electrochemical deposition and local anodized patterns on various metal substrates [1] [9] [10] 



[11]. This technique allows for the fast fabrication of various micro-and nano-structure materials 

on the selective substrate area. 

Fabrication of high-ordered porous AAO films on various selective substrate surfaces has 

received a significant application in the fabrication of capacitors, electronic circuits, sensors, 

resistors, and separations [12] [13]. Pore characteristics such as pore diameter, interpore distance, 

pore density, pore length, and barrier film thickness significantly influence the performance of the 

fabricated porous AAO membrane. These pore parameters strongly depend on the composition 

and concentration of the electrolyte, applied voltage, current density, anodizing temperature, and 

anodizing time. In most studies, the influence of anodizing temperature is usually investigated by 

varying the electrolyte temperature. However, the effect of local substrate temperature over 

heating when the current passes through the substrate has been inadequately studied. 

Anodizing temperature is an important factor for the formation of self-ordered porous AAO 

and oxide layer growth. It was reported that a highly ordered porous AAO membrane was achieved 

at an appropriate fabrication condition [14]. Currently, many researchers conduct experiments at 

high electrolyte temperatures to obtain the optimum conditions for fast growth of self-ordered 

anodic alumina membranes. Increasing the electrolyte temperature causes a high rate of chemical 

dissolution and local burning of the oxide film [15]. During Al anodizing, thermal effects such as 

joule heating due to the flow of current in the substrate and the thin layer at the bottom of the pore 

can occur. Chemical reactions such as an endothermic reaction of Al2O3 dissolution and an 

exothermic reaction of Al oxidation also occurred. Moreover, the electrolyte temperature also 

mainly influences the oxidation reaction of Al by accelerating the flow of O2- and Al3+ ions from 

the barrier film within the electric-field and enhancing the chemical dissolution of each pore wall 

to form regular and high-order porous morphology. It was also reported that the temperature of 



anodic alumina layer at the oxide/Al interface is higher than that at the electrolyte/oxide interface 

because of the low thermal conductivity and heat generation of the alumina [16]. Subsequently, 

the temperature of the anodized alumina surface film is lower than the inside of the alumina. Even 

though most studies are dedicated to the examination of the effect of electrolyte temperature, some 

authors studied the temperature of the substrate on the oxide morphology. Chernyakova et al. [17] 

studied the effect of Al anode temperature on the growth of anodic alumina and the morphology 

of porous anodic film. The temperature of the Al substrate was controlled with the thermoelectric 

Peltier devices in the range of 5 ˚C to 60 ˚C. In their study, alumina was formed in in an aqueous 

solution of 0.4 M oxalic acid at a constant electrolyte temperature and applied voltage. The pore 

diameter and interpore distance significantly have not altered as the substrate temperature was 

increased while the anodized pore structure became highly ordered. Aerts et al. [18] also 

investigated the influence of control electrode temperature in the range of 5-65 ˚C on porous 

alumina layer growth on Al. The electrode temperature was controlled by a thermostatic holder 

through the Peltier effect. The authors confirmed that anodizing at high electrode temperatures 

results in a disordered porous structure at the alumina surface. At constant electrolyte temperature, 

the anodized oxide film thickness decreases with rising electrode temperature. The thermal 

conductivity of the specimen affected the dissipation of heat, which1 indirectly influenced the rate 

of oxide layer dissolution and pore structure. During the anodizing process, substrate temperature 

can influence the electrochemical oxidation of Al and result in an alteration of the surface 

morphology of oxide layers. The flow of ions in the electrolyte droplets and across the barrier layer, 

as well as the heat dissipation within the AAO membrane during the anodizing process, are all 

influenced by the temperature of the substrate. 



In the conventional anodizing approach, through-hole porous AAO is produced through 

post-treatment procedures by applying wet-chemical etching to remove the barrier-type oxide film. 

This pore opening process approach has drawbacks and influences the morphology and pore size 

of the AAO membrane [19]. During post-treatment, when the exposed oxide barrier layer is more 

dissolved in strong acids such as phosphoric acid or etched with ions, it results in undesired pore 

widening, making it unviable to use on large-scale applications. Most parts of the porous AAO 

membrane collapse and are complete damaged after a long duration of chemical etching [20]. 

The through-hole-pore AAO membrane prepared using the SF-MDC technique is mainly 

done by controlling the scanning speed and number of cycling or back-and forth movements. 

Compared to the conventional anodized method, SF-MDC is area-selective and environmentally 

friendly process because it does not apply chemical etching during pore opening. Fabrication of 

AAO membrane with a high pore density and a small pore size achieved using SF-MDC is essential 

for maximizing the permeation rate and molecular flux through the membrane in the application 

of fluid separation. Sakairi et al. [21] developed for the first time a dual capillary SF-MDC for 

local anodizing of the alumina membrane, and later studied by Bilal and Sakairi [22] who proposed 

3D-printed SF-MDC for localized anodizing of two different areas on the Al surface to form a 

porous-type anodic oxide layer in oxalic acid. Even though porous AAO was successfully 

fabricated on Al substrate, the influence of anodize substrate temperature and electrolyte 

composition on pore parameters and the formation of a through-hole anodic membrane has not 

been reported. 

In this study, a new design of 3D-printed SF-MDC was used for fabrication of a through-

hole porous AAO membrane within controlled pore sizes. The influence of substrate temperatures 



and electrolyte compositions on the formation of open-pore-type porous AAO membrane pore 

structure parameters and film thickness were primarily investigated. 

2. Experimental 

2.1. Material and solution 

Aluminum specimen (99.99 % mass and 300 µm thickness) was used as substrate. The specimen 

of aluminum was received and cut into small specimens with sizes of 20 x 30 mm. A 0.3 M oxalic 

acid (C2H2O4ꞏ2H2O), phosphoric acid (H3PO4), and sulfuric acid (H2SO4) solution were prepared 

to be used as anodizing electrolytes. A 50 µm and 500 µm in diameter Pt wires were used as the 

counter electrodes. 

2.2. Pretreatment 

The Al specimens were pretreated in a 0.01 M NaOH solution for 300 s at room temperature. Then, 

the specimen was carefully rinsed in purified water. After being alkaline etched, the specimen was 

then ultrasonically cleaned using both ethanol and highly purified water, each for 300 s. After this 

stage, the specimen was then dried in open air and kept in a desiccator through a silica gel layer 

for anodizing. 

2.3. Anodization 

Single-capillary SF-MDC was designed using CAD software and fabricated using a 3D printer. 

The detailed information about the design and making process of SF-MDC was explained in 

previous research work [1]. The schematic setup of the anodizing process by SF-MDC is shown 

in Fig. 1. A clean and dried Al specimen was placed on a computer controlled XYZ stage. The 

electrolyte solution inlet of the SF-MDC was connected to the peristatic pump rubber tube to 

supply fresh electrolyte solution into the inner capillary. A droplet of electrolyte was formed at the 

tip of the inner capillary by controlling the electrolyte feed flow rate to 2.0 mL/s. The used solution 



was continuously removed through the outer capillary at a constant vacuum pressure of 85 kPa. 

The electrolyte solution droplet formed at the inner capillary tip was used to form porous anodic 

alumina lines by moving the stage at a constant scanning speed of 3.3 µms-1 and a 3 mm scanning 

distance during anodizing. The distance between the Al specimen and the inner tip capillary was 

controlled to about 180 µm. Subsequently, the droplet was allowed to contact the Al substrate 

surface, and anodizing was conducted with an equal concentration of 0.3 M C2H2O4, H3PO4, and 

H2SO4 at a constant voltage of 50 V, 170 V, and 25 V, respectively. All experiments were carried 

out at a constant electrolyte temperature, and the temperature of the Al specimen varied in the 

range of 10 ˚C to 60 ˚C by controlled with a thermoelectric Peltier device. Based on the Peltier 

effect, it can transfer heat into or remove heat from the Al substrate, depending on the polarization. 

Thus, the temperature will either be heated or cooled on the substrate surface, respectively. A Pt 

wire (50 µm) was inserted in the inner capillary and connected with another Pt wire (500 µm) to 

use as a counter electrode. 

2.4. Observation 

The surface images of the anodized lines were observed with an optical microscope (XV-330, 

WRAYMER INC., Osaka, Japan). The surface morphology and cross-sectional view of the 

anodized lines were investigated using a scanning electron microscope (SEM, JEOL, JSL6510-

LA, Tokyo, Japan) equipped with an energy-dispersive X-ray spectroscopy (EDS) analyzer. Thin 

Au lyer was sputered on the anodized surface before SEM observation (Fin Coater, JFC 1600, 

JOEL, Tokoyo, Japan). An image processing program called “ImageJ Software [23] was used to 

determine the pore diameter (Dp) and interpore distance (Din), derived from SEM micrographs. 

The AAO layer thicknesses were measured from a cross-sectional SEM image. The pore diameter, 

interpore distance, and porosity of the porous AAO membrane at various substrate temperature 



were evaluated. The porosity (P) of the fabricated porous AAO membrane was determined using 

Eq. (1) [24]. 
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Where Dp is the pore diameter and Din is the inter-pore distance.  

3. Results and discussion 

3.1. Effect of substrate temperature on pore structure and film thickness 

Using the SF-MDC technique, an attempt was made to fabricate different anodized lines with 

various pore diameters and alumina film thicknesses at different substrate temperatures. The effect 

of anodizing substrate temperature on the structure of porous AAO membrane morphology, mainly 

on the pore diameters and porous oxide layer thicknesses was investigated. The anodizing was 

carried out at 3.3 ms-1 scanning speed and six back and forth scanning times. The substrate 

temperature was controlled in the range of 10 ˚C to 60 ˚C. The temperature of the substrate during 

anodizing influences the diffusion of ions across the barrier oxide layer, and heat dissipation can 

occur at both interfaces. The surface SEM image of the porous AAO membrane formed with 0.3 

M oxalic acid at various substrate temperatures and a constant applied voltage of 50 V in oxalic 

acid is shown in Fig. 2. The result shows that the consistency of the pores and morphology in the 

porous AAO membrane are significantly influenced by the substrate temperature. The pore 

regularity of the anodic alumina is improved by increasing the temperature of the substrate. The 

porous AAO membrane fabricated at 10 ˚C and 20 ˚C substrate temperatures shown in Fig. 2 (a) 

and (b) has a complete dis-order pore distribution. A small pore size and a slightly deformed porous 

AAO can be observed. The porous anodic oxide film grows slowly at these temperatures. The pore 

diameters and the neighboring pore distance are not uniform, and a significant variation in pore 

size is observed. This is because at a lower substrate temperature, the length of the pore is very 



small due to the low dissolution rate of the barrier layer [25]. The rate of oxide formation at the 

metal/oxide interface and oxide layer dissolution at the electrolyte/oxide interface are increased 

with an increase in substrate temperature [26].  

When the anodizing substrate temperature increased to 30 ˚C and 40 ˚C, the number of 

pores present significantly increased, and the pore became circular compared to the lowest 

substrate temperature, as shown in Fig. 2 (c) and (d), respectively. A porous oxide with uniform 

morphology is formed. The porous AAO membrane fabricated at 50 ˚C, shown in Fig. 2 (e), has a 

relatively well-ordered and uniform pore arrangement, while at 60 ˚C shown in Fig. 2 (f), a nearly 

perfect hexagonal pore arrangement with wide pores of the AAO membrane is observed. When 

the substrate temperature increased, the movement of electrolyte ions increased and the anodic 

oxide film on the Al was exposed to locally warm which enhanced the oxide dissolution to form 

regular pore structure. The order of the pores increases with an increase anodizing temperature 

because of heat dissipation, which is related to volume of expansion [27]. Many pore cells at higher 

substrate temperature are shown closed and connected to each other hexagonally in a regular 

configuration. The formation of uniform pore diameter and interpore distance to the neighboring 

pores and hexagonal pore arrangement are observed at higher substrate temperatures due to the 

high strengthening electric field across the barrier oxide layer at the pore base. The distance of the 

consecutive neighboring pores and their pore diameters show a consistent and uniformity under 

the analyzed area of the alumina line. The examined surface area shows that the pores have no 

defects. Further increased substrate temperature will enhance the dissolution rate of oxide layer, 

resulting in the collapse of the porous structure and the loss of its stability at the outer surface due 

to strong chemical dissolution [28]. 



 The effect of substrate temperature on pore diameter, interpore distance, and porosity of 

porous AAO membranes is shown in Fig. 3. The average pore diameter and interpore distance 

were determined from SEM images for various anodizing substrate temperatures. The result shows 

that the temperature of the substrate significantly influences the pore diameter and slightly 

influences the interpore distance. The calculated porosity of the anodized area result shows the 

average porosity increases from 7% to 46% as the anodizing substrate temperature increases from 

10 ˚C to 60 ˚C. The porosity reaches its highest value when the substrate is anodized at highest 

temperature due to an increase in pore diameter. It is reported that the temperature increased the 

rate of chemical dissolution of oxide layers during anodizing and resulted in widened pores on the 

surface of the oxide layer [29]. 

 The current density temporal behavior as a function of substrate temperature anodizing in 

oxalic acid at a constant applied voltage is given in Fig. 4. The result shows that the current density 

increases as the substate temperature increase. The pore diameter slightly increases as the substrate 

temperature increase due to the field-assisted dissolution of the oxide layer initiated through higher 

current density at higher temperatures. The effect of anodized substrate temperature on the 

thickness of porous AAO membrane layer formed at 50 V in oxalic acid electrolyte is shown in 

Fig. 5. The result shows that at constant electrolyte temperature, the AAO membrane thickness 

initially increased and then decreased with increasing substrate temperature. The oxide film 

thickness increased as the anodizing temperature reached 30 ˚C. However, the film thickness 

decreased as the substrate temperature increased to 60 ˚C. The thicker oxide layer was formed at 

a substrate temperature of 30 ˚C. This can be explained by the fact that when the anodizing 

temperature increases, instantly the current density increases due to the declined of resistivity and 

resulting in a decrease in anodic porous layer growth. In addition, increasing substrate temperature 



enhances the dissolution rate of the barrier-type oxide layer on the pore bottom side of substrates, 

causing a decline in the porous layer thickness. The porous AAO film thickness formed at 30 ˚C 

was considered the thickest oxide layer compared to other substrate temperatures. Further 

increased the substrate temperatures, resulting in a high degree of barrier oxide dissolution to form 

porous AAO. This results in a decrease in oxide layer thickness as the temperature of the substrate 

increases. During anodizing, the Al was remined in contact with the electrolyte droplet, and there 

was heat transfer from the substrate to the electrolyte droplet and vice versa. A thermal boundary 

layer was developed at the electrolyte/oxide interface under constant electrolyte temperature, 

resulting in a variation of the electrolyte droplet temperature from the surface oxide temperature, 

which was significantly different from the substrate-controlled temperature. In these ways, the 

level of oxide formation increased when the substrate temperature was higher than the electrolyte 

temperature. On the other hand, the opposite occurred when considering a low applied substrate 

temperature compared to the electrolyte temperature. When the anodizing was carried out in 

cooling environment with relatively low substrate temperatures of 10 ˚C and 20 ˚C, the growth 

rate of the local oxide layer was low as allied by the low current density. It is observed that at 

lower anodizing temperature, the rate of porous AAO film growth is due to the presence of a low 

and constant current density. However, as the temperature of the substrate was further increased 

to 30 ˚C, the level of oxide formation at the metal/oxide interface increased, and the thickness of 

the oxide layer increased. Further increasing the substrate temperature from 40 to 60 ˚C, the rate 

of chemical dissolution of the barrier oxide layer at the electrolyte/oxide interface was increased, 

which resulted in a decline in barrier oxide layer thickness, allowed for an increase in pore length. 

The thickness of the oxide barrier film considerably decreases and becomes thinner at the highest 

temperature due to the high level of chemical dissolution of the pore wall. 



A similar result was reported by Theohari and Kontogeorgou [30] in their investigation of 

the anodizing of Al alloy AA5052 in sulfuric acid solution. The authors reported that increasing 

the anodization temperature up to 30 ˚C resulted in increase in porous film thickness. Reduction 

of thickness of barrier layer was resulted from the excessive dissolution of oxide into the 

electrolyte but further increased up to 40 ̊ C showed a decline of anodic film thickness. The degree 

of barrier oxide film dissolution and formation increased with increasing local substrate 

temperatures. During anodizing process, the anodic current mainly encouraged the movement of 

Al ions from the metal surface [31]. The metal ions moved rapidly towards the metal/electrolyte 

interface to react with oxygen ions and form Al2O3. The dissolved ions mobility during oxidation 

of the Al surface decreased with increasing temperature. At higher anodizing temperatures, the 

oxidation level is high, which does not essentially increase the alumina film thickness but probably 

increases the chemical dissolution of the oxide layer in the electrolyte to form a porous alumina 

membrane [32]. The porous alumina layer formed at lower temperatures was thicker than that 

formed at higher temperatures due to the low level of chemical dissolution of the barrier oxide film 

at low temperature. While at higher temperature, the degree of oxide dissolution is faster to form 

a porous AAO membrane compared to the growth rate of the oxide layer, resulting in a decrease 

in film thickness. In general, a strong falling-off of the oxide layer thickness as a function of 

anodized temperature was observed at a constant electrolyte temperature. On the other hand, a thin 

anodic oxide thickness was noticed when the highest limiting thickness of the oxide layer was 

reached, which mainly appeared at the higher substrate temperature. It can be concluded that 

anodizing temperature played a major role in the fabrication of the desired porous alumina 

membrane film thickness for water purification applications. 



Fig. 6 shows the cross-sectional images of the porous AAO membrane obtained through 

the one-step anodizing technique in oxalic acid at 50 V. The cross-sectional images of the oxide 

layer formed at a substrate temperature of 20 ˚C possessed a dense structure with small pore size 

and a slight oxide growth was developed, as shown in Fig. 6 (a). The pores are separated by thick 

pore walls and the layers are not well structured. By increasing the substrate temperature to 30 ˚C, 

the formation of a thick alumina membrane was increased. The pore structure became more open 

with increasing pore size. At this optimum anodized temperature, a normal Al2O3 layer with a 

compact microstructure was formed. A uniform and parallel with equal distance separated layered 

structures were fabricated, as shown in Fig. 6 (b). During the back-and-forth movement of the SF-

MDC, several layered structures are formed with minor difference in film layered thickness as 

shown in Fig. 6 (c). The difference in layer thickness that occurred during the back-and-forth 

moving may be due to the narrow pore size formation and top surface dissolving. The anodized 

lines formed with SF-MDC exhibit a clearly visible and separated layered type of structure. The 

average layer thickness is about 3.1m. Fig. 6 (e) and (f) show the fabricated oxide layered 

structure at anodizing temperatures of 50 ̊ C and 60 ˚C, respectively. The anodized porous alumina 

layer contains a uniform and parallel cylindrical porous AAO membrane. The layered structure is 

clearly observed as the anodized temperature increased from 30 to 60 ˚C. However, at the lowest 

temperature, a layered structure is not clearly observed. The number of layers decreased as the 

substrate temperature increased. The number of cycles or repetitions conducted during anodization 

is equal to the number of layers formed. Each layer has a slight variation in film thickness due to 

the non-uniformity of droplets contact with substrate. 

In this work, the influences of anodizing substrate temperature on the anodizing process 

for the formation of porous AAO membrane were deliberated through controlling and varying the 



Al substrate temperature. The actual anodizing temperature is referenced as the temperature of the 

barrier layer of the porous AAO membrane. Both the electrolyte and substrate temperature affect 

the anodizing process. Direct measurement of the actual temperature at the barrier layer is not 

possible. Al has a high thermal conductivity property and there is a strong bond between the Al 

substrate and the barrier oxide layer. The electrolyte droplets are considered to have as smaller 

thermal conductivity, heat transfer inside the pore within the electrolyte mainly occurs through 

thermal conduction. Since the area of the pore is small, the electrolyte droplet diffusion in the pore 

is supposed to be stationary. Thus, the effect of electrolyte droplet temperature on the barrier oxide 

layer temperature is likely to be lower than that of the Al substrate temperature. These principles 

showed that anodizing substrate temperature has a higher significant influence on the rate of anodic 

oxide growth than the electrolyte temperature. 

3.2. Fabrication of through-hole AAO membrane 

The open-pore porous AAO membrane was fabricated by controlling the scanning speed and back-

and forth movements of the substrate during anodizing. The top and bottom SEM images porous 

AAO membrane fabricated by anodizing Al in oxalic acid at 50 ˚C are shown in Fig. 7 (a) and (b). 

The pore diameters are uniform and consistent with each other. Similarly, the top and bottom SEM 

images of the porous AAO membrane fabricated at 60 ˚C is shown in Fig. 7 (c) and (d). The pore 

diameter of the anodic alumina membrane is slightly enlarged when the substrate temperature 

increases to 60 ˚C. A highly hexagonal ordered pore arrangement is confirmed to cover the entire 

anodized surface. Small pore diameters are observed on the back side of the SEM image, but the 

pore holes on the front side are larger in diameter. This implies that the pore size was not increased 

on the back side during through-hole formation, unlike in the chemical etching process. On the 

other hand, through-hole porous AAO membranes with smaller pore sizes can be obtained in the 



present process compared to the conventional process because of the rapid through-hole without 

increasing the pore diameter with etching. The pore diameter and interpore distance are not 

significantly changed with the neighboring. The average pore size of the sample obtained at 50 ˚C 

and 60 ˚C anodized temperatures are 72.4 nm and 82.1 nm, respectively. The bottom view of the 

alumina film thickness shown in both samples were thin and transparent film with uniform porous 

structure. It is clearly seen that after the barrier oxide layer was completely removed, the through-

hole porous anodic membrane was fabricated in both anodized temperatures. The average pore 

size for the bottom-through-hole alumina membrane at 50 ˚C and 60 ˚C is 33 nm and 38 nm, 

respectively. The through-hole alumina membrane with uniform morphology and small pore 

diameters can be fabricated at different anodizing substrate temperature without etching. 

3.3. Effect of electrolyte composition on porous AAO membrane fabrication 

Various electrolytes such as oxalic acid, phosphoric acid, and sulfuric acid were consequently 

conducted to investigate the pore structure of the anodized lines. The optical microscope images 

of the anodized lines with different electrolytes are shown in Fig. 8 (a). The anodized lines were 

conducted at room temperature and applied voltage of 50 V, 150 V and 25 V for C2H2O4, H3PO4, 

and H2SO4, respectively. The results show that the anodized lines have equal length and width 

with different color appearances. The length of the anodized lines can be increased by controlling 

the movement of the XYZ moving stage, while the width of the anodized lines is directly related 

with the inlet and outlet flow rates of the electrolytes and the diameter of the inner capillary. The 

anodized areas in all electrolytes are clearly distinguishable from the Al substrate. The porous 

AAO line formed by each electrolyte has a different oxide color presence, such as light yellowish 

color (oxalic acid), a pale color (phosphoric acid) and a dark grayish color (sulfuric acid). The 

formation of colored oxide film during Al anodizing depends on the anodizing conditions and the 



thickness of the anodic oxide layer. The surface SEM images of the anodized lines formed by 

different electrolytes are shown in Fig. 8 (b). The top surface images confirmed that the porous 

structure of anodized lines formed in various electrolyte solutions is different from each other. All 

anodized lines have a pore structure with differences in pore arrangement, pore size, and interpore 

distance. This is due to the presence of different electrolyte compositions and different supply 

current flows to the droplet of electrolyte contact with the substrate during anodizing. 

The average pore diameter of the anodized lines formed at oxalic acid, phosphoric acid, 

and sulfuric acid at scanning of 3.3 ms-1 is 38.6 nm, 218 nm, and 19 nm, respectively. The results 

of average pore diameters obtained with SF-MDC are in good agreement with those obtained from 

previous studies [33]. The porosity of the anodized lines in different electrolyte solutions are 

calculated using Eq. (1). The corresponding average porosity of the anodized lines is 15.6 %, 

48.8 %, and 10.6 % in oxalic acid, phosphoric acid, and sulfuric acid, respectively. Similarly, this 

result agrees with a previous study that reported the porosity of anodized lines prepared using SF-

MDC at 0.3 M oxalic acid was estimated at 38 % [33]. The smallest pore diameter and interpore 

distance are recorded in sulfuric acid electrolyte while the largest pore size is obtained in 

phosphoric acid with the same electrolyte concentration. It should be noticed that the composition 

of the electrolyte significantly influences the pore diameter and interpore distance of the porous 

AAO membrane formed during the anodizing process. This variation in pore diameter is essential 

for the fabrication of membrane filters to separate solute molecules based on their molecular size. 

The formation of pore structure during anodizing can be controlled and modified by 

controlling the anodizing parameters such as anodizing time, voltage, temperature, and electrolyte 

composition and concentration [34]. The cross-sectional SEM images of the anodized lines with 

different electrolytes are shown in Fig. 8 (c). All anodized lines have uniform cross-sectional, 



layered structures. The thicknesses of the anodized lines are slightly different from each other, 

which is due to the use of different applied voltages. The AAO membranes comprise pores that 

are parallel, straight, and cover the whole membrane perpendicularly from the top side to the 

bottom surface. The barrier film thickness, pore size, and interpore distance formed under anodized 

phosphoric acid are larger than those of other electrolytes. The thickness of the anodized layer is 

related to the anodizing voltage. All anodized lines have a homogenous cross-sectional structure. 

3.4. Fabrication of open-pore porous alumina at room temperature 

The open-pore porous memebrnae can be fabricated by controlling the scanning speed to be 1.6 

ms-1 and increasing the number of repetitions to eleven with various electrolytes at room 

temperature. Fig. 9 (a) shows the large-area SEM image of the top side of the through-hole porous 

AAO membrane formed by oxalic acid. The result shows that the porous membrane has a regular 

and hexagonal arrangement. The average pore size and interpore distance of the porous AAO 

membrane films are measured to be nearly 74 nm and 104 nm, respectively. The distance of the 

consecutive neighboring pores and their pore diameters show consistency and uniformity under 

the analyzed top area of the AAO line. The corresponding bottom SEM image of the anodized line 

with oxalic acid is shown in Fig. 9 (b). The through-holes are observed all over a broad area of the 

AAO layer, and such through-holes occur on the entire AAO membrane, including the top and 

bottom anodized lines. The pores consist of long and parallel cylindrical tubes of alumina layer 

with a uniform pore structure. Fig. 9 (d) and (e) show the top and bottom SEM views of the 

anodized porous AAO membrane formed in phosphoric acid, respectively. A uniform pore 

arrangement with a wide pore size is observed. The result shows that pore diameter and interpore 

distance are not varied mainly from one to the other. The average pore diameter and interpore 

distance of the porous AAO membrane are found to be approximately 218 nm and 297 nm, 



respectively. The top surface image of the anodized lines in both electrolytes clearly shows a 

variation in pore diameter, suggesting a non-uniform supply of current to the droplet and nature of 

the electrolyte composition reactivity with the substrate. It is clearly shown that after the barrier 

oxide layer is dissolved and removed, the pores are completely opened at the bottom of the 

substrate. The result shows that the larger pore diameter was recorded during phosphoric acid 

anodizing. It can be clearly shown that the pore diameter of the top surface is slightly larger than 

that of the bottom-analyzed surface, indicating that the shape pore of the AAO membrane is likely 

a conical structure. The top surfaces of both AAO samples show honeycomb like structures with 

uniform pore diameters and consistent interpore distances. The pore diameter and interpore 

distance are not significantly different from the neighboring cells. The cross-sectional SEM images 

of the fabricated porous AAO membrane anodized in oxalic and phosphoric acid are shown in Fig. 

9 (c) and (f), respectively. The result shows that uniform, straight, and parallel-order pore channels 

of AAO membranes were successfully fabricated on Al substrate at room temperature. The cross 

sections of anodized lines show uniform structural characteristics. The capability of SF-MDC to 

fabricate different pore sizes in various electrolytes creates an application in the field of membrane 

filter process. Thus, through-hole porous AAO membranes can be easily fabricated at room 

temperature without chemical etching or posttreatment using this technique in different electrolyte. 

Using the conventional anodizing method, it is not possible to fabricate an open-pore alumina 

membrane with a different porous structure. Over time, chemical etching could result in the 

collapse of nanotubes and reduce the alumina membrane thickness, resulting in low strength and 

durability. Hence, it is highly proposed for the fabrication of a higher pore arrangement of anodic 

alumina membrane using SF-MDC. Therefore, an effort is made to fabricate a through-hole porous 



AAO membrane with different pore structures by varying the anodized temperature and electrolyte 

composition. 

The mechanism of barrier oxide layer dissolution during through-hole pore AAO formation 

with SF-MDC is schematically shown in Fig. 10. At the initial stage of the anodizing process, the 

current line is distributed in the barrier oxide layer, as shown in Fig. 10 (a). The applied high 

voltage during anodizing is responsible for barrier oxide dissolution locally and enlargement of 

pores, as shown in Fig. 10 (c). At the middle stage of the anodizing process, the electrolyte remains 

in the pores during the scanning time and, the dissolution of barrier layer occurs. The oxide layer 

pore walls at the electrolyte/oxide interface dissolved locally due to chemical dissolution caused 

by increasing temperature [35]. After applying constant voltage, the barrier dissolution rate 

increased considerably, because of an increased electric field locally. Subsequently, an electrical 

breakdown of the crucial thinned oxide barrier film at the pore bottoms occurs, as shown in Fig. 

10 (d). When the barrier oxide breakdown occurs, the electrolyte droplets penetrate the oxide/metal 

interface, as shown in Fig. 10 (e). The resistance of the barrier layer declined and dissolved at the 

given applied voltage and anodizing period. The oxide film does not grow on the metal surface 

because the dissolution rate of the barrier oxide is faster than its formation rate. Finally, a free 

standing through-hole porous AAO membrane with all pores open can be successfully fabricated 

from the Al surface. 

The locally formed through-hole porous AAO layer was tested by putting Rhodamine B 

solution droplets on the anodized top side. The schematic representation of the top and bottom 

views of the anodized porous AAO membrane during Rhodamine B solution removal is shown in 

Fig. 11 (a). The results of the Rhodamine B diffusion towards porous AAO membrane on the 

anodized area at different time is exhibited.  Fig. 11 (b) shows the initial contact time of 10 s of  



Rhodamine B solution putting on top anodized alumina line. The result shows that the porous 

alumina is only present with a small dye solute component inside the pore of the membrane. After 

putting the solution on the alumina line and observed for 20 s, some pores are filled by the solute 

molecule, as shown in Fig. 11 (c). For long contact time of 60 s, all porous AAO membranes are 

occupied and filled by the dye molecule, as shown in Fig. 11 (d). A significant color change 

appeared when contact time was increased, indicated that the Rhodamine B dye solute molecules 

were spread into the anodized area to be retained in the porous wall structure. All pores then 

become occupied and filled by the solute molecule inside the membrane. The diameter of solute 

components that are larger than the pore membrane diameter will be retained through the pore of 

the membrane. The solution of the dye molecules is highly diffused to the pore of the bottom area 

and still needs extra pressure to flow out the solvent from the porous membrane. This result 

confirmed that the AAO membrane sample prepared in this study has through-hole porous AAO. 

Further use of pressure will enhance the separation of the solute components from the solution at 

the bottom of the anodized area. Hence, self-ordered through-hole porous AAO membrane is 

effectively fabricated at room temperature without chemical etching or post-treatment. 

Based on the experimental results, it was confirmed that AAO membrane can be fabricated 

in a single step using the SF-MDC anodization technique. It is a simpler and more eco-friendly 

process for the fabrication of through-hole porous AAO membranes than other proposed 

conventional methods since oxide barrier films are easily removed without using chemical etching. 

4. Conclusion 

In this work, the effect of anodizing substrate temperature and composition of electrolytes on the 

formation of a through-hole porous AAO membrane at constant voltage with SF-MDC was studied. 

The anodizing substrate temperature greatly influenced the regularity of nanopore structure and 



the degree of oxide film growth. Through-hole ordered porous AAO membrane was successfully 

fabricated at various substrate temperature and electrolyte composition without chemical etching 

using the SF-MDC technique. It was found that the pore size and order of the pore was significantly 

changed by increasing the anodizing substrate temperature. Uniform, straight, and parallel-order 

pore channels of AAO membranes were successfully fabricated on Al substrate at room 

temperature. The largest pore diameter and interpore distance were obtained in phosphoric whereas 

the smallest pore diameter and interpore distance were recorded in sulfuric acid electrolyte. The 

fabrication of a self-ordered controlled pore size through-hole membrane was successfully 

achieved with a single-step anodizing method for membrane filtration. 
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Figure Captions 

Fig. 1. Schematic representations of an experimental setup for SF-MDC anodizing with aluminum 

substrate temperature control device. 

 

Fig. 2. SEM images of the surface of porous AAO films fabricated with 0.3 M oxalic acid at 

aluminum substrate temperature of (a) 10 ˚C, (b) 20 ˚C, (c) 30 ˚C, (d) 40 ˚C, (e) 50 ˚C, and (f) 60 

˚C. 

 

Fig. 3. Effect of aluminum substrate temperature on pore diameter (Dp), interpore distance (Din), 

and porosity (P) of AAO membrane. 

 

Fig. 4. Current density as function of aluminum substrate temperature. 

 

Fig. 5. Effect of aluminum substrate temperature on the thickness of the porous AAO membrane 

film formed with 0.3 M oxalic acid at 50 V and 3.3 ms-1 scanning speed. 

 

Fig. 6. SEM images of a cross section of a porous AAO film formed with 0.3 M oxalic acid at 

aluminum substrate temperatures of (a) 20 ˚C, (b) 30 ˚C, (c, d) 40 ˚C, (e) 50 ˚C, and (f) 60 ˚C. 

 

Fig. 7. SEM images of the anodized porous AAO film formed with 0.3 M oxalic acid at aluminum 

substrate temperature of 50 ̊ C (a) top view, (b) bottom view, and 60 ̊ C (c) top view and (d) bottom 

view. 



Fig. 8. Fabrication of porous AAO films with 0.3 M oxalic acid, phosphoric acid and sulfuric acid 

electrolytes and applied voltage of 50 V, 150 V and 25 V, respectively shows (a) optical 

microscope images of anodized lines, (b) top-surface SEM images, and (c) cross-section images 

of anodized lines. 

 

Fig. 9. SEM images of through-hole porous AAO membrane fabricated at room temperature with 

oxalic acid (a) top view, (b) bottom view, and (c) cross-section, and with phosphoric acid (d) top 

view, (e) bottom view, and (f) cross-section view. 

 

Fig. 10. Mechanism of barrier layer dissolution during through-hole porous AAO film fabrication 

(a-e). 

 

Fig. 11. Schematic represntaion of (a) top and back view of porous AAO membrane during 

Rhodamine B dye removal, and digital image of porous AAO back side view during Rhodamine 

B solution removal after contact time of (b) 10 s, (c) 20 s, and (d) 60 s. 
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Fig. 1. Schematic representations of an experimental setup for SF-MDC anodizing with aluminum substrate 

temperature control device. 

 



 

Fig. 2. SEM images of the surface of porous AAO films fabricated with 0.3 M oxalic acid at aluminum 

substrate temperature of (a) 10 ˚C, (b) 20 ˚C, (c) 30 ˚C, (d) 40 ˚C, (e) 50 ˚C, and (f) 60 ˚C. 

 



 

Fig. 3. Effect of aluminum substrate temperature on pore diameter (Dp), interpore distance (Din), and 

porosity (P) of AAO membrane. 

 



 

Fig. 4. Current density as function of aluminum substrate temperature. 

 



 

Fig. 5. Effect of aluminum substrate temperature on the thickness of the porous AAO membrane film 

formed with 0.3 M oxalic acid at 50 V and 3.3 ms-1 scanning speed. 

 



 
 
Fig. 6. SEM images of a cross section of a porous AAO film formed with 0.3 M oxalic acid at aluminum 

substrate temperatures of (a) 20 ˚C, (b) 30 ˚C, (c, d) 40 ˚C, (e) 50 ˚C, and (f) 60 ˚C. 

 



 

Fig. 7. SEM images of the anodized porous AAO film formed with 0.3 M oxalic acid at aluminum substrate 

temperature of 50 ˚C (a) top view, (b) bottom view, and 60 ˚C (c) top view and (d) bottom view. 

 



 

Fig. 8. Fabrication of porous AAO films with 0.3 M oxalic acid, phosphoric acid and sulfuric acid 

electrolytes and applied voltage of 50 V, 150 V and 25 V, respectively shows (a) optical microscope images 

of anodized lines, (b) top-surface SEM images, and (c) cross-section images of anodized lines. 



 

Fig. 9. SEM images of through-hole porous AAO membrane fabricated at room temperature with oxalic 

acid (a) top view, (b) bottom view, and (c) cross-section, and with phosphoric acid (d) top view, (e) bottom 

view, and (f) cross-section view. 

 



  

Fig. 10. Mechanism of barrier layer dissolution during through-hole porous AAO film fabrication (a-e). 
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Fig. 11. Schematic represntaion of (a) top and back view of porous AAO membrane during Rhodamine B 

dye removal, and digital image of porous AAO back side view during Rhodamine B solution removal after 

contact time of (b) 10 s, (c) 20 s, and (d) 60 s. 


