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Abstract

CNT-added surface treatment (CAST) is a newly developed technology that
incorporates single-walled carbon nanotubes (SWCNTSs) into a metal surface
through alternate current electrolysis using a dispersion of SWCNTs in an
alkaline aqueous solution. We apply this method to Al-plates and characterize
their surface morphology and components through scanning electron micro-
scopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), and Raman spectroscopy. After CAST processing, pro-
trusion structures of Al-oxide containing SWCNTs are formed on the surface
of the Al-plate, and the surface morphology differs significantly from that of
the surface of Al films treated through conventional anodic oxidation. The
height and spacing of the protrusion structures formed on the surface of the
CAST-treated Al-plates are 100 - 200 nm and 50 - 100 nm, respectively. In
addition, we investigate the formation mechanism of the protrusion structure
by applying a DC voltage between the working electrode (Al-plate) and a
counter electrode immersed in a dispersion of SWCNTs in an alkaline
aqueous solution. Comparing the Al-plate surface after treatment under both
current directions, we propose a model for the formation process of protru-
sion structures containing SWCNT's based on catalyst surface etching.
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1. Introduction

Carbon nanotubes (CNTs), with concentric wall structures composed of rolled
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graphene sheets, exhibit unique mechanical, thermal, optical, electrical, and
chemical properties rendering them ideal candidates for various applications
such as composite materials, sensors, field emission displays, and integrated cir-
cuits [1]-[12]. In particular, CNTs have a super-high thermal conductivity of the
order of 1000 W-m™-K! at 298 K [13]. The fabrication of polymer/CNT compo-
site [14] [15] [16] has been extensively researched because it shows better ther-
mal transport than the host material. Moreover, as the addition of CNTs to a
host material enhances its mechanical strength, CNTs have been added to metals
such as Cu [17] [18] [19] [20] and Al [21]-[28].

Anodic oxidation is a common process for forming an oxide film on a metallic
substrate through an electrochemical method. It can increase the corrosion re-
sistance and wear resistance of the metal film and provide better adhesion for
paint primers and glues than bare metal. In addition, Al-oxides formed through
anodic oxidation on Al film have porous structures on the surface, which is
beneficial for dye absorption or the addition of interference effects. However,
studies on anodic oxidation for the dispersion of CNTs are limited.

In this study, we investigate the fabrication of Al-oxide layers containing sin-
gle-walled carbon nanotubes (SWCNTs) on the surface of Al films through
anodic oxidation using alkaline aqueous solutions. We refer to this method as
CNT-added surface treatment (CAST). An SWCNT can be conceptually viewed
as a graphene sheet rolled into a nanoscale tube [29] [30]. We demonstrate that
protrusion structures of Al-oxide containing SWCNTs can be formed on Al-plates
through CAST processing. In addition, we discuss the formation mechanism of

the protrusion structures containing SWCNT's based on catalyst surface etching.

2. Experimental

2.1. Apparatus for CAST Processing

An Al-plate was CAST processed in NaOH solution containing SWCNTs, using
an anodic oxidation measurement system (TEXIO Co., PSW-720M160). The
experimental setup for CAST processing is shown in Figure 1. An Al-plate
(>99.5% purity, LSI Co., Ltd.) (6 x 6 cm?), washed with ethanol for 5 min, was
employed as the substrate for CAST processing. An SUS304 plate (Yamamo-
to-Ms Co., Ltd.) (7 x 10 cm?), which was also washed with ethanol for 5 min,
was employed as the counter electrode. For CAST processing, an aqueous dis-
persion of SWCNTSs (approximately 6 x 107 wt%) purchased from KORBON
Co. Ltd. (Gangwon-do, South Korea, Product Name: WAB1300ST-6P30) was
used. It was diluted with 0.04 M NaOH solution, prepared with NaOH (97% As-
say, Yoneyama Yakuhin Kogyo, Ltd.), and used as the electrolyte.

As in normal anodic oxidation, the working electrode (electrode of the sample
subjected to CAST treatment) and the counter electrodes were immersed in the
solution. The same voltage was applied to the two electrodes used as the counter
electrodes during CAST processing because the same treatment was applied to

both sides of the working electrode.
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Figure 1. Schematics of apparatus for CAST processing.

The current waveform applied during CAST processing is displayed in Figure
2. Unlike conventional anodic oxidation, the current direction was changed al-
ternatively with time. When the current flowed along the positive direction, the
working electrode was the anode; however, when the current flowed in the op-

posite direction, it became the cathode.

2.2. Characterization

After CAST processing, the surface morphology of the Al-plate was characte-
rized through field-emission scanning electron microscopy (FE-SEM, Hitachi
Co., Ltd., SU8010) at an accelerating voltage of 5 kV. In addition, AFM analysis
(Bruker AXS Dimension 3100) was performed to investigate the surface shapes
of the specimens. The frequency range was set to 200 - 400 kHz. Raman spectra
from 300 - 2000 cm ™ were recorded at 298 K using a Raman spectroscope (Na-
nophoton, Japan), at an excitation wavelength of 532 nm. Furthermore, to ana-
lyze the surface composition [31], X-ray photoelectron spectroscopy (XPS) was
performed on the Al-plate after CAST processing using an XPS system (JEOL
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Figure 2. Current waveform applied during CAST processing.

JPS-9200, Japan); an Mg Ka source (1253.6 eV) was used for XPS analysis. Scan-
ning transmission electron microscopy (STEM) was performed at an accelerating
voltage of 200 kV for observing the fine structures on the sample cross-section
(JEOL ARM-200F, Japan). To investigate the composition distribution, ener-
gy-dispersive X-ray spectroscopy (EDX) was performed using an EDX spectro-
meter (JEOL JED-2300T, Japan), mounted on the TEM.

3. Results and Discussion

3.1. Electron Microscopy and Atomic Force Microscopy
Observations

Figure 3(a) depicts the Al-plate surface after CAST processing (“CAST-treated
Al-plate”). For comparison, the surface of the Al-plate after anodic oxidation
with the same current waveform in NaOH solution without SWCNTs is shown
in Figure 3(b). The surface of the Al-plate subjected to CAST processing is
mostly protrusive. In addition, fibrous substances bridged between the protru-
sions can be observed. On the other hand, in the Al-plate subjected to anodic
oxidization (Figure 3(b)), a porous structure is formed on the surface, and the
diameters of most of the holes are approximately 10 nm. It is to be noted that no
protrusions are observed on the surface of the anodic oxidation Al-plate. This
result indicates that CAST processing is effective in forming a protrusion micro-
structure on the Al-plate surface.

Furthermore, the surface of the Al-plate subjected to anodic oxidation and the
CAST-treated Al film were analyzed through AFM. The AFM 3D images of the
Al-plates after CAST processing and anodic oxidation are depicted in Figure
4(a) and Figure 4(b), respectively. Consistent with the SEM observation, a pro-
trusion structure is observed on the CAST-treated Al-plate, where the height of
the protrusion and the spacing are approximately 100 - 200 nm and 50 - 100 nm,
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Figure 3. SEM images of the (a) CAST-treated Al-plate, and (b) Anodic Oxidation Al-plate.

Figure 4. AFM images of the (a) CAST-treated Al-plate, and (b) Anodic oxidation Al-plate (scan range 1.5 x

1.5 ym).

respectively. In contrast, there are no protrusions on the surface of the Al-plate
subjected to anodic oxidation, and the observed areas are relatively flat. Contrary
to the SEM observation, holes are not observed in the AFM image, which may be
due to the larger diameter of the AFM probe than those of the holes.

3.2. Raman Spectroscopy Analysis

Figure 5(a) and Figure 5(b) display the low-frequency and high-frequency re-
gions, respectively, of the Raman spectra of the CAST-treated Al-plate. In the
low-frequency region, ALOs derived peaks are observed at approximately 359,
453, and 612 cm™, whereas G-band and D-band peaks appear at 1326 cm™ and
1593 cm™, respectively, in the high-frequency region. As the G-band, at ap-
proximately 1580 cm™), is related to the sp? hybrid graphite structure, indicating
C=C stretching vibrations [32], this establishes that Al-oxide films containing
SWCNTs are formed on the CAST-treated Al surface.
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Figure 5. Raman spectra of the CAST-treated Al-plate: (a) low-frequency and (b) high-frequency regions. The excitation wave-
length is 532 nm.

3.3. X-Ray Photoelectron Spectroscopy (XPS) Analysis

XPS analysis is an analytical technique that can provide useful information on
the functionalities of oxidized nanotubes. The XPS survey spectrum of the
CAST-treated Al-plate is shown in Figure 6. To investigate the subsurface com-
position, XPS measurements were performed on the CAST-treated Al-plate after
Ar-ion etching, corresponding to an area at a depth of 5 nm. The resultant XPS
spectrum in Figure 6 shows that in addition to Al and O derived peaks, a peak
derived from sp? C-C exists at 284.3 eV [32] [33].

This suggests that SWCNTs are incorporated into the Al-oxide layer through
CAST processing. Table 1 lists the chemical composition analysis results of the
subsurface of the CAST-treated Al-plate, estimated from the XPS spectra in
Figure 6. As AL:O = 2:3 in AL Os, the result indicates that approximately 62% of

the surface Al is oxidized.

3.4. Scanning Transmission Electron Microscopy (STEM) Analysis

The incorporation of SWCNTs into the CAST-treated Al-plate was investigated
through STEM (High-angle annular dark field, HAADF) and EDX on the
cross-section of the CAST-treated Al-plate. The obtained results for the
cross-section near the surface are shown in Figure 7. In the STEM images of the
CAST-treated Al surface in Figure 7(a), the protective layer deposited for STEM
observation is observed on the top layer, and a protruding surface structure is
observed on the surface of the CAST-treated Al-plate. Figure 7(b) shows the
EDX mapping of carbon, oxygen, and Al on the surface area of the
CAST-treated Al-plate. Based on the EDX results, the Al-oxide surface is divided
into two regions: Diff-1 and Diff-2 (Figure 7(a)). Diff-1 shows porous structures
with a thickness of 106.8 nm, whereas Diff-2 is an oxide film formed on the Al
surface with a thickness of 31.7 nm. It should be noted that carbon is also dis-
tributed around the porous area, and regardless of its shape, it is present. This

confirms that SWCNTs are embedded, and a porous structure is formed.
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Figure 6. XPS survey spectrum of the CAST-treated Al-plate. The spectrum is measured in

an area at a depth of 5 nm.
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Figure 7. (a) STEM cross-section images (HAADF image) of the CAST-treated Al-plate.
(b) EDX Mapping of carbon, oxygen, and Al on the surface area of the CAST-treated

Al-plate.
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Table 1. Chemical composition of the CAST-treated Al-plate estimated from the XPS
spectrum. The detection area is 5 nm from the surface.

Al (at%) O (at%) C (at%)

42.8% 45.7% 11.5%

3.5. CAST Mechanism

The formation of a protrusion structure of Al-oxide containing SWCNT's through
CAST processing is an interesting phenomenon. We consider this to be caused
by catalyst surface etching [34], in which a catalyst on the surface of the material
induces etching through the reduction of the material (mainly a metal) with an
oxidizing agent in a solution. Figure 8 outlines the catalyst surface etching me-
chanism.

When the catalyst is attracted to the surface of the workpiece and contacts
with it, the transfer of electrons from the workpiece to the oxidant in the solu-
tion is facilitated by the catalyst. The part in contact with the catalyst is oxidized
and dissolves in the solution. By continuing this process, the surface of the
workpiece is drilled by the catalyst, and as a result, a porous structure is formed
on the surface of the workpiece.

With this method, selective surface treatment is possible because only the part
in contact with the catalyst is superimposed. Semiconductors (such as Si or Ge)
are generally used as the workpiece material, and precious metals (such as Pt or
Au) are often used as catalysts. In addition, catalyst surface etching using gra-
phene as a catalyst has been reported [34]. As CNTs are nanocarbon materials,
such as graphene, there is a possibility that they function as a catalyst in the cat-
alyst surface etching process. Furthermore, the workpiece is not limited to sem-
iconductors, and metals can be used if oxidation occurs. Therefore, the protru-
sion structure may be formed through the same mechanism even in Al, where a
porous structure is generally formed through anodic oxidation.

In our experiment, an alternating voltage was applied between the working
and counter electrodes, and the electric current flowed between them alternately.
When the working electrode was the anode (positive bias), the current flow di-
rection was the same as that of anodic oxidation treatment; therefore, an oxide
layer was deposited on the working electrode.

On the other hand, it is not possible to determine the process that occurs
when the working electrode is the cathode (negative bias). Based on catalyst sur-
face etching, we suppose that CNTs function as a catalyst that etches and forms
protrusion structures on the Al-film surface.

To verify this hypothesis, we performed electrolysis for Al films with direct
current flow using the same apparatus shown in Figure 1, (CNT concentration:
0.2 wt%, electrode: SUS, the distance between the electrodes: 2 cm), where posi-
tive and negative bias voltages, respectively, were applied to the working elec-
trode with respect to the counter electrode. Here, when the working electrode is

positive, the current direction is the same as that of anodic oxidation, and when
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the working electrode is negative, the current direction is opposite to that of
anodic oxidation. SEM images of the Al film surface after electrolysis with direct
current are shown in Figure 9. When the working electrode is positive, a porous
structure sized approximately 5 - 10 nm is formed, which is often observed in
the anodic oxidation of Al films; however, SWCNTs are not found (Figure 9(a)).
On the other hand, when the working electrode is negative, several SWCNT's are
observed on the working electrode. This indicates that the SWCNTs are posi-
tively charged when they are dispersed in NaOH solution and are, therefore, re-
pelled by when the working electrode is the anode.

Based on the results depicted in Figure 9, we propose a mechanism for the
formation of the protrusion structure on Al films through CAST processing
(shown in Figure 10). SWCNTs dispersed by a strong alkaline aqueous solution
have a positive electric charge; therefore, when the working electrode (Al-plate)
is the anode, the SWCNTs are repelled by it; the SWCNTSs are attracted to the
counter electrode and incorporated into the solution. In this case, anodic oxida-
tion occurs on the surface of the Al-plate, and the oxide film grows. When the
current flows in the opposite direction and the Al-plate becomes the cathode, the
SWCNTs are attracted to the Al-plate. The surface of the Al-plate in contact
with the CNTs is etched through catalyst surface etching. Simultaneously, the
AP" ions dissolved in the solution accompany the SWCNTs and precipitate on
the surface of the Al-plate. During alternating current flow, this process is re-
peated, and the SWCNTSs contact at different angles several times, forming a
protruding structure [35] [36] [37].

Catalyst

N 2

Figure 8. Catalyst surface etching mechanism.

200 nm

Figure 9. SEM image of the Al-plate surface during electrolysis: (a) same direction as
anodic oxidation, and (b) direction opposite to anodic oxidation.
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Figure 10. Convexity mechanism on the Al surface based on CAST.

4. Conclusion

In this study, we demonstrated the fabrication of a protrusion structure of Al-oxide
containing SWCNTs on Al-plates through CAST processing. An alternating
current flow was applied between the working (Al-plate) and counter electrodes
in an alkaline aqueous solution in which SWCNTSs were dispersed during the
CAST process. The height and spacing of the protrusion structures ranged from
100 - 200 nm and 50 - 100 nm, respectively. Furthermore, we investigated the
formation mechanism of the protrusion structure through CAST processing and
concluded that surface etching of the SWCNTs occurred when the working elec-
trode was the cathode in the CAST process. Moreover, the AI** ions in the solu-
tion precipitated on the working electrode when it was the cathode. By repeating
this process, protrusion structures composed of Al-oxides were formed on the
Al-plates. In addition, SWCNTs were incorporated into the Al-oxide layer dur-
ing precipitation. As a result, protrusion structures of Al-oxide containing
SWCNTs were formed on the Al-plates.
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