Journal of Advanced Research 26 (2020) 43-51

Contents lists available at ScienceDirect

Journal of Advanced Research

journal homepage: www.elsevier.com/locate/jare

3D printed solution flow type microdroplet cell for simultaneous area )
selective anodizing e

Muhammad Bilal **, Masatoshi Sakairi”

2 Graduate School of Engineering, Hokkaido University, Kita-13, Nishi-8, Kita-ku, Sapporo, Hokkaido 060-8628, Japan
b Faculty of Engineering, Hokkaido University, Kita-13, Nishi-8, Kita-ku, Sapporo, Hokkaido 060-8628, Japan

GRAPHICAL ABSTRACT

——_1

=7,

Anodizedline 1
Anodized line 2

ARTICLE INFO ABSTRACT
Article history: Introduction: Recent advancements in 3D printing technology allow us to design and fabricate cus-
Received 30 April 2020 tomized droplets cells for localized electrochemical patterning.

Revised 15 June 2020
Accepted 21 June 2020
Available online 27 June 2020

Objectives: In this study, 3D printed solution-flow type microdroplet cell (Sf-MDC) is proposed for local-
ized anodizing of two different regions on Al surface. The effect of printing orientation on 3D printing
parameters is elucidated to minimize the resin consumption, printing time and material wastage. The
capability of Sf-MDC to fabricate porous alumina patterns with adjustable pore size and thickness is
explored by varying the length of Pt wire inside each capillary.

Methods: The Sf-MDC was optimally fabricated using 3D printer at the highest possible resolution. The Al
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Simultaneous anodizing specimens were electropolished in 13.6 kmolm 3 CH3COOH/2.56 kmolm 3 HClO, at 278 K and 28 V for
Porous alumina lines 145 s. 0.22 kmolm—3 oxalic acid (COOH), solution was prepared for anodizing. The specimen was set on
Layered structure pulse-XYZ stage controller and anodized (at 50 V and 323 K) using the Sf-MDC.

Results: Anodizing with Sf-MDC resulted in the formation of two uniformly sized porous alumina lines on
the specimen. Porous alumina lines exhibited similar pore geometry, interpore distance and pores
arrangement, suggesting uniform supply of current to both the droplets. Layered-type cross-sectional
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structure with each layer having a thickness of 2.7 mm was formed for both the porous alumina lines. By

varying the length of Pt wire inside each capillary, porous alumina lines with different porous structure

and oxide thickness were simultaneously fabricated.

Conclusions: Simultaneous anodizing with Sf-MDC can be applied for fast fabrication of porous alumina

filters with different porous structure and for various patterning applications.

© 2020 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Development of cost-effective technologies for fast fabrication
of micro-sized structures on various substrates is of
paramount importance for the production of integrated circuits,
microelectromechanical systems (MEMS) and biomedical devices
[1-6]. Traditional lithographic, masking and subtractive manufac-
turing techniques are well-established for the fabrication of
micro-sized structures on desired substrates but involve multiple
steps and result in significant material wastage [7-9]. Recently,
localized electrochemical fabrication techniques such as scanning
electrochemical microscopy (SECM), atomic force microscope
(AFM) and scanning tunneling microscopy (STM) have been
applied to selectively characterize and fabricate minute structures
on specimen surfaces at desired areas [10-13]. These techniques
are preferable over conventional lithographic and masking meth-
ods since the specimen needs no initial preparation, small quantity
of electrolyte is required, and precisely defined area is wetted.

Localized anodizing of metal surfaces using electrochemical
droplet cell techniques is of prime importance for the fabrication
of thin film capacitors, resistors, electronic circuits, interconnects
and porous alumina filters [14-17]. Two types of electrochemical
droplet cells, i.e. scanning droplet cells [18-20] and solution flow
type microdroplet cells [21-23] are commonly used for area-
selective anodizing. Recently, Hassel and co-workers have used
scanning droplet cell to form anodic oxide lines on Al and Ti spec-
imen for the fabrication of resistors, capacitors, transistors, diodes,
rectifiers and memristors [24]. Fabrication of anodic oxide lines
with scanning droplet cells having no solution outlet is challenging
in terms of synchronizing the rate of electrolyte consumption with
droplet movement for each anodizing voltage. To avoid this diffi-
culty, Sakairi et al. developed a dual capillary solution flow type
microdroplet cell for the fabrication of localized porous alumina
lines and through-hole porous alumina membranes [25]. This type
of dual capillary design allowed continuous supply and removal of
the solution during anodizing. Nevertheless, multiple steps
involved during the cell fabrication, along with slow oxide fabrica-
tion speed, limit the use of this technique for practical applications.
A high-throughput technique for fast fabrication of anodic oxide
lines on metal substrates using electrochemical droplet cells would
be needed for their future applications [26-28].

With significant advancements in 3D printing technology, it is
possible to design and fabricate customized electrochemical dro-
plets cells. Polymeric materials having good mechanical and chem-
ical stability, e.g. polycarbonate (PC), polyamides (PA) and
acrylonitrile butadiene styrene (ABS) are available for 3D printing
[29,30]. Various computer aided design (CAD) softwares can be
used to design complex electrochemical flow cells with precise
dimensions. CAD drawing is then converted to stereolithography
(.STL) file format for 3D printing [31]. Fabrication of droplet cells
using 3D printing is time saving and cost-effective because multi-
ple cells can be printed at once with minimum usage of polymer
resin. A few studies are available on the fabrication of 3D printed
scanning droplet cells [20,32,33] and solution flow type micro-
droplet cell [34] for area selective anodizing. However, 3D printed
scanning droplet cells used gaskets which restricted the movement
of droplet during anodizing. The minimum anodizing width of

about 1 mm is achieved using solution flow type microdroplet cell.
Further reduction in the width of anodized lines by controlling the
droplet size would be desirable for a broad range of pattering
applications.

In this study, a 3D printed solution-flow type microdroplet cell
(Sf-MDC) is proposed for simultaneous anodizing of two different
regions on Al surface. The effect of orientation on 3D printing
parameters has also been elucidated to minimize the printing time
and material wastage. The fabricated Sf-MDC is applied to form
two porous alumina lines simultaneously on the specimen. The
influence of moving speed on the width of anodized lines is studied
in relation with distance between the capillary tip and the speci-
men. An attempt is made to fabricate porous alumina lines with
different porous structure by varying the length of Pt wire inside
each capillary.

Experimental
Specimen and solution

Aluminium sheets (99.99 mass% and 110 um thickness) were
used as specimen. The sheets were cut to dimensions of
20 x 30 mm and were ultrasonically cleaned in ethanol and in
highly purified water, each for 300 s. The specimens were then
electropolished in 13.6 kmol m~3 acetic acid
(CH3COOH)/2.56 kmol m~3 perchloric acid (HCIO4) at 278 K and
28 V for 145 s. After electropolishing, the specimens were cleaned
with highly purified water and acetone. As anodizing electrolyte,
0.22 kmol m~ oxalic acid (COOH), solution was prepared. All
chemicals were purchased from Kanto Chemical Co. Ltd, Tokyo,
Japan.

Description of Sf-MDC

Double capillary Sf-MDC was designed on Solidworks CAD soft-
ware and fabricated using a stereolithography type 3D-printer
(Formlabs form 2, USA) at the highest possible resolution of
0.1 mm. Fig. 1 shows the scheme for the fabrication of Sf-MDC, cell
dimensions and schematic representation of solution flow inside
Sf-MDC. 3D-printed parts having two outer capillaries, single solu-
tion inlet and a joint counter electrode connector are shown in
Fig. 1(a). After trimming the support structure, inner capillaries
with Pt wires were inserted inside the outer capillaries and con-
nected with a common counter electrode (Pt wire) to make Sf-
MDC. Fig. 1(b) shows the inside view and dimensions of Sf-MDC
used in this study. Schematic representation of solution flow inside
Sf-MDC is shown in Fig. 1(c). Fresh solution is continuously sup-
plied by a peristaltic pump. The solution flows inside the cell and
forms droplets at both the inner capillary tips. The outer capillaries
remove the used solution through 1 mm holes at their center with
a vacuum pump. Inner and outer capillaries have an inside diame-
ter of 100 um and 500 pm, respectively.

This type of cell design allows free movement of droplets
throughout the anodizing process and thereby, desired anodic
oxide patterns can be fabricated. The dual electrolyte flow chan-
nels increase the rate of oxide formation which reduces the time
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Fig. 1. Scheme for the fabrication of Sf-MDC, (a), inside view and dimensions of Sf-MDC, (b), schematic representation of solution flow using Sf-MDC, (c).
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Fig. 2. Schematic drawing of anodizing setup.

Table 1
Printing parameters at different orientations for optimizing the print quality.

Aspirator

45

Orientation 1 2

Require supports

2 b

Printing time 60 min 90 min
Resin Volume 3.42 mL 3.39 mL
Number of layers 220 348

Printability None None

90 min
3.67 mL
409
None

105 min
3.79 mL

Good

105 min
3.19 mL
441
Good
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Fig. 3. Images of 3D-printed parts with vertical orientation, (a), and magnified view
of capillaries after trimming the support structure, (b).

(c) Fuzzy marks

needed for anodizing multiple areas. A common counter electrode,
single inlet and outlet supplies for both the capillaries eliminates
the need of additional power supplies and pumps and save cost
unlike previous designs [32,34].

Anodizing with Sf-MDC

The schematic of anodizing setup is shown in Fig. 2. An elec-
tropolished Al specimen was set on pulse-XYZ stage controlled
with computer. The specimen temperature was controlled at
323 K by a Peltier device. The Sf-MDC was filled with 0.22 kmol m 3
(COOH), electrolyte at a flow rate of 1.59 x 10° m? s~! by a peri-
staltic pump. Electrolyte droplets were allowed to form at the tip of
both inner capillaries and a vacuum pressure of 85 kPa was set for
the removal of depleted solution through the outer capillaries. For
the operation of cell in free-mode, distance between the inner cap-
illary tips and the specimen surface was adjusted to 30 um. The
specimen was anodized at 50 V at stage moving speed of 2 pm s~!
for the simultaneous formation of oxide lines on the specimen.

Observations

The surfaces of anodized specimens were investigated with an
optical microscope (Waymaer Inc.,, BM-3400T) and a scanning
electron microscope (SEM, JOEL Ltd., Tokyo, Japan, ]SM-6510LA).
Cross-sections of the anodized lines were observed by SEM after
carefully curving and breaking the Al specimen. Thin Au layer
was sputtered on the specimens prior to SEM observations (Fin
coater, JOEL Ltd., Tokyo, Japan).

Anodlzed llnc

wa N

To and fro movement of Sf- MDC\ | | | /
470 ym t X Region with bulk
droplet volume
v

Step-wise movement of droplet

A

Scanning distance (2000 pm)

A 4

Fig. 4. Optical microscope images of the simultaneously anodized lines, (a) and (b), and schematic representation of droplet movement during scanning with Sf-MDC, (c).
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Fig. 5. Influence of scanning speed on the width of anodized line as a function of Hy.

Results and discussion

Using the dual capillary head Sf-MDC, fabrication of thin walls
with circular holes within the 3D structure is challenging and is
related with printing orientation. The orientation is also directly
related with printing quality, printing time, printing volume and
number of layers required during printing [35]. Here, an orienta-
tion study was carried out to improve the printing parameters
and to obtain the good quality Sf-MDC, capable of forming porous
alumina lines simultaneously. Table 1 shows the printing parame-
ters at different orientations. The marked areas in orientation 1
indicate that part needs more supports at that area and is unable
to print. Orientation 2 and orientation 3 also have missing supports
at desired areas and are unprintable. More number of supports
enhance the possibility of successful printing. Location and num-
ber of supports are determined by the printing software and is

Anodizedline 1

linked with size, weight and orientation of the part to be printed.
Orientation 4 and orientation 5 are both vertically aligned, have
uniform distribution of support structure and show good printabil-
ity. The only difference is the volume of resin required for printing.
Fig. 3(a) shows the image of vertically oriented 3D printed parts.
The magnified view of capillaries after trimming the support struc-
ture is shown in Fig. 3(b). It can be seen that both capillaries in ori-
entation 4 show blockage and cannot be used for simultaneous
area selective anodizing. The capillaries in orientation 5 show
through-holes, good printability and minimum resin consumption.
Therefore, orientation 5 is selected as the most suitable orientation
to fabricate the Sf-MDC. It is worth mentioning that the problems
faced with failure of the fabrication and functioning of such droplet
cells for high-throughput capabilities need extensive experimenta-
tion along with CFD simulations. A separate study will be carried
out in future to address these problems.

Fig. 4(a) and (b) shows optical microscope images of the simul-
taneously anodized lines formed with Sf-MDC. The anodized areas
are clearly distinguishable from Al specimen due to a difference in
refractive index of Al,05 and Al. The length and width of the ano-
dized lines is about 2085 pm and 470 um, respectively. The slight
increase in anodizing length as compared to scanning distance
(2000 pum) is due to spherical shape of the droplets which are being
dragged during the anodizing process at scanning speed of 2 pm s~
(Fig. 4(c)). If the scanning distance of 2000 um is assumed from the
center of initial position of the droplets to their final position and
considering the diameter of droplets to be around 470 pm, a total
anodized length should be around 2470 um. However, the direc-
tion of the droplets movement during anodizing and solution
removal from the outer capillary by the vacuum pump shifts the
position of the droplets from the center as shown in Fig. 4(c). This
results in anodized lines of length 2085 pm. Because of capillary
forces present between the Al surface and tips of inner capillaries,
electrolyte droplets and the capillary tips move together during
scanning. The width of anodized lines (470 um) was greater than

Anodizedline 2

Fig. 6. Surface SEM images of the anodized lines 1 and 2, (a), and their magnified view, (b).
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the diameter of inner capillaries (100 um), however, smaller than
the diameter of outer capillaries (500 pm). Some fuzzy marks are
observable outside the anodizing area. This may be caused by dro-
plets movement in a discrete manner instead of continuous wet-
ting mechanism. The capillary and surface tension forces are
trying to counterbalance each other during scanning while vacuum
pressure is forcing the used solution to flow back from outer cap-
illaries. As a result, some fluid spreads outside the concentrated
region. The length of anodized lines can be increased or decreased
by changing the scanning distance using XYZ stage controller. The
width of anodized lines can be controlled by increasing the scanning
speed. Fig. 5 shows the influence of moving speed on the width of
anodized line in relation with distance between the capillary tip
and the specimen (Hy). For simplicity, only a single porous alumina
line was formed on the specimen. It can be seen that width of ano-
dized line decreases by increasing the scanning speed. The average
width of anodized line is 810 pm at scanning speed of 1 pm s~
and H; = 30 um. A sudden decrease in the width of anodized line is
observed as the scanning speed is increased to 2 pm s~'. This is
due to a decrease in the scanning time which allows the droplet to
move faster during anodizing. Considering the fact that electrocapil-
larity plays a key role to reach the surface tension equilibrium [19], a
faster movement of Sf-MDC will result in continuous motion of dro-
plet and maintains the surface tension of the electrolyte without
allowing the droplet to expand in the lateral direction. Slight change
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Fig. 7. Cross-sectional SEM images of the specimen, (a), and current variation
during anodizing with Sf-MDC, (b).

in width was observed at speeds higher than 2 yms~! until the sur-
face tension reaches a critical value and the width becomes constant.
By increasing H; from 30 um to 270 pm, the width of anodized line
increases due to increase in size of the droplet. Hence, small value
of H; and moderate anodizing speed is required to decrease the width
of anodized lines.

Surface SEM images of the selectively formed anodized lines is
shown in Fig. 6. Both lines have a porous structure with nearly the
same pore diameters and pore arrangements (Fig. 6(a)). This sug-
gest both capillary heads of Sf-MDC supply uniform current flow
to the droplets during anodizing. The length of Pt wires inserted
inside both the inner capillaries was kept constant to avoid any dif-
ference of IR drop. Nevertheless, a variation in pore diameters
within each oxide line is observed, as shown in Fig. 6(b). This hap-
pened because a single-step anodizing procedure is applied in the
present case. The porous structure can be easily controlled and
modified by controlling the anodizing parameters, i.e. anodizing
voltage, temperature, time and electrolyte type and concentration
[36]. The pore ordering can be increased by following two-step
anodizing method proposed by Masuda et al. [37]. The selectively
formed anodized lines can be used for the desired applications,
e.g. membrane filters and plastic electronics.

Fig. 7 shows the cross-sectional SEM images of the anodized
specimen. Thickness of both the anodized lines is almost the same
(Fig. 7(a)), which justifies the statement that nearly the same
current is passing through both droplets during anodizing. The
average value of current obtained during anodizing is 112.5 pA
(Fig. 7(b)). Based on thickness values, average current through
the anodized lines is estimated to be 56.4 pA and 56.1 pA. The cur-
rent-time graph shows fluctuations throughout the anodizing pro-
cess due to non-continuous movement of the droplets because
pulse-XYZ stage was used in this study. Droplets size is difficult
to control during the to and fro movement of Sf-MDC due to the
presence of capillary and surface tension forces. The anodized lines
formed by the Sf-MDC exhibit a layered-type cross-sectional struc-
ture as shown in Fig. 8. This type of layered structure is obtained
during the back and forth motion of the specimen during anodizing
process. The number of layers is equal to the number of repetitions
carried out during anodizing, i.e. 12. Each layer has a length of
approximately 2.7 um (Fig. 8(a)). Interface of each layer is sepa-
rated from the other by a slight shift in pore arrangement as shown
in Fig. 8(b). The thickness of layer is related with anodizing time
(moving length/moving speed) and can be controlled. The diameter
of cylindrical tubes is the same in both the anodized lines. The
capability of Sf-MDC to form a layered structure influences the
internal pore geometry. It may create applications in the field of
membrane filters manufacturing and template synthesis of nano-
tubes and nano-wires with modulated diameters.

In some applications, porous alumina membranes with differ-
ent pore sizes and thicknesses are required, e.g. analysis for
microplastics in water, synthesis of nano-tubes or nano-wires of
various sizes and filtration of aggressive organic solvents. Using
the conventional anodizing method, it is not possible to simultane-
ously form porous alumina membranes with different porous
structure. Therefore, an attempt is made to fabricate porous alu-
mina lines with different porous structure by varying the length
of Pt wire inside each capillary. The concept of IR drop is well-
known and is often considered as a problem while dealing with
electrochemical reactions. However, in the present case, the con-
cept is applied for the simultaneous fabrication of porous alumina
membranes with different porous structure. Fig. 9(a) shows the
schematic of simultaneous anodizing using the Sf-MDC and corre-
sponding optical microscope image of anodized specimen. Pt wires
of different lengths are inserted inside each capillary and con-
nected with a common power supply. The distance between coun-
ter electrode (Pt wire) and working electrode (Al specimen) is
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Fig. 8. Cross-sectional SEM images of the anodized lines showing layered structure, (a), and their magnified view; (b).

maintained at 30 um (Pt wire 1) and 10 mm (Pt wire 2), respec-
tively. The optical microscope image of the anodized specimen
shows two uniformly sized porous alumina lines fabricated at a
scanning speed of 8 pms~'. It is difficult to decide that if same or
different current was supplied to each capillary of Sf-MDC. How-
ever, the surface SEM images of simultaneously anodized lines
(Fig. 9(b)) clearly show a variation in pore diameters suggesting
non-uniform supply of current to the droplets. This is due to large
IR drop inside the second capillary that occurred due larger inter-
electrode distance. According to ohm’s law:

AE =1, Rcell

where R = piA represents the ohmic resistance of the cell, I denotes

the interelectrode distance, p denotes the specific conductance of
solution, and A denotes the working electrode area. Since p and A
are constant, the resistance of the cell solely depends on I. By chang-
ing the interelectrode distance (I) from 30 pm inside the first capil-
lary to 10 mm inside the second capillary, average pore diameter of
the anodized lines reduced from around 60 nm (anodized line 1) to
around 35 nm (anodized line 2). Similarly, the thickness of anodized
lines is around 38 pm and 20 pm as shown in Fig. 9(c). Around 45%
reduction in pore diameter and thickness is observed indicating sig-
nificant IR drop inside the second capillary. Therefore, porous struc-
ture of the simultaneously anodized lines can be controlled by
varying the value of [ inside each capillary. Simultaneous anodizing
with 3D printed Sf-MDC can be used for combinatorial fabrication
of thin films for high-throughput applications and may be applied
by industries for fast fabrication of porous alumina filters, thin film
resistors and capacitors.

Conclusions

A solution flow-type electrochemical microdroplets cell for
high-throughput area selective anodizing was successfully fabri-
cated using 3D-printer. Orientation was directly related with print-
ing quality, time, resin consumption and number of layers required
for printing. Vertically oriented parts showed good printability and
uniform distribution of support structure. Using a common counter
electrode and only single inlet and outlet supply channels, the dou-
ble capillary Sf-MDC simultaneously formed two uniformly sized
anodic oxide lines on the Al specimen. Length, width and thickness
of the selectively anodized lines was same, suggesting uniform
supply of current to both the droplets. Porous alumina lines exhib-
ited similar pore geometry, interpore distance and pores arrange-
ment. Layered-type cross-sectional structure with each layer
having a thickness of 2.7 um was formed for both the porous alu-
mina lines. By varying the length of Pt wire inside each capillary,
porous alumina lines with different porous structure and oxide
thickness were simultaneously fabricated. This method allows fast
fabrication of uniform porous alumina lines locally on the
specimen.
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