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A three-dimensional (3D) composite film containing copper nanostructures and carbon nanotubes (3DC/CNT composite film) was
fabricated by one-step electrodeposition. The 3DC/CNT composite film was formed under galvanostatic conditions using a copper
sulfate bath containing CNTs and polyacrylic acid which acts as both a 3DC-forming and a CNT-dispersing agent. The composite
film consists of thin copper sheets with thicknesses of ca. 70-80 nm and CNTs, with large interior spaces between sheets. The CNTs
were homogeneously distributed inside the composite film and were fixed by the copper sheets where CNTs pierce the copper sheets.
The CNT content in the composite films increased with the CNT concentration of the plating bath. The 3DC film without CNTs
did not maintain its 3D spaces when the film thickness was increased due to insufficient structural strength, whereas the 3DC/CNT
composite film maintained the 3D spaces despite an increase in film thickness, which suggests that the CNTs reinforce the film to

maintain the 3D spaces.
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Three-dimensional (3D) nanostructured metal architectures typ-
ically exhibit large specific surface areas and high electrical con-
ductivity; therefore, their application as electrodes in functional de-
vices such as supercapacitors,' fuel cells’> and batteries® have been
widely researched. For these potential applications, the use of 3D
copper nanostructured architectures*® is most attractive. However,
although 3D copper nanostructured architectures are very effective to
improve electrode functions, their manufacture requires many steps
and is therefore complex. Our group has previously developed a very
straightforward method for the fabrication of 3D copper nanostruc-
tured architectures by electrodeposition, in which an organic additive
is simply added to an electrodeposition bath.® This process for the
preparation of 3D copper nanostructured architecture films by one-
step electrodeposition (the resulting products henceforth being desig-
nated as 3DC1 film) is expected to be used as a practical method for
the fabrication of various components, such as current collectors for
tin-based lithium-ion battery anodes.'? However, the 3DC1 film con-
sists of very thin (30-50 nm) copper sheets; therefore, its structural
strength is low, which results in deformation of the 3D structure when
a slight physical force is applied.

In contrast, carbon nanotubes (CNTs)!"'?> have excellent me-
chanical characteristics,'>”'3 such as high tensile strength and high
elastic modulus, in addition to high thermal'®'® and electrical
conductivity.'*?° Research into CNT composites such as metal/CNT
composites has thus been actively pursued.?!?> A 3D-copper nanos-
tructured architecture containing CNTs (3DC/CNT composite) is thus
considered to be an attractive copper-based 3D composite material that
would have sufficient structural strength due to the reinforcement ef-
fect of the CNTs. If a 3DC/CNT composite could be fabricated by a
simple method, then the 3DC/CNT composite materials would be ex-
pected to be used for a wider range of practical applications. We have
also examined the electrodeposition of metal/CNT composite films
and reported the fabrication and characteristics of dense Cu/CNT
composite films.>> Consequently, a combination of the 3DC1 tech-
nology and the Cu/CNT composite plating technology is expected to
produce a practical 3DC/CNT composite film material.

In this study, the fabrication of 3DC/CNT composite films by
one-step electrodeposition and the resulting microstructure of the
3DC/CNT composite films were investigated.

*Electrochemical Society Member.
“E-mail: araisun@shinshu-u.ac.jp

Experimental

Commercially available vapor-grown multi-walled CNTs (Showa
Denko Co. Ltd.) were formed via catalyst-assisted chemical vapor
deposition (CVD)** and heat treated at 2800°C in an argon gas atmo-
sphere for 30 min. The CNTs were typically 100-150 nm in diameter
and 10 pm long. An acidic copper sulfate bath composed of 0.85 M
CuSOy - 5H,0 and 0.55 M H,SO,4 was used as the base plating bath.
CNTs and polyacrylic acid (mean molecular weight 5000; PA-5000),
which should act not only as a 3DC forming agent'! but also as a dis-
persant of CNTs,?>?® were added to the base plating bath to prepare
a 3DC/CNT composite plating bath. The concentration of PA-5000
was consistently 3 x 10~ M throughout this study. A 3DC1 plating
bath (base plating bath + 3 x 10~ M PA-5000) without CNTs was
also prepared for comparison.

The dispersibility of CNTs in the plating baths was evaluated us-
ing a laser diffraction particle size analyzer (SALD-7000, Shimadzu
Seisakusho). The composite plating baths containing 2-10 g dm—>
CNTs were diluted with pure water to prepare a suitable particle con-
centration for dispersibility measurements. The zeta potentials of the
CNTs in the plating baths were also measured using an electrophoresis
type zeta potential measurement system (Model 502, Nihon Rufuto),
where the composite plating baths were diluted with pure water to
prepare suitable measurement conditions. The plating solutions are
aqueous solutions; therefore, the zeta potentials were calculated using
the Smoluchowski equation:

o= oot (1
n
where | is the electrophoretic mobility, ¢, is the relative dielectric
constant of water, €, is the dielectric constant of a vacuum, ¢ is the zeta
potential, and 7 is the viscosity of the solution. The zeta potential was
determined by measuring the electrophoretic mobility of the CNTs.
Measurements were conducted 60 times for each sample to obtain
mean zeta potentials.
A pure copper plate (JIS C1201P) with an exposed surface area of
10 cm? (3.3 x 3 cm?) was used as the substrate. A copper plate con-
taining phosphorus was used as the anode. A commercially available
electrolytic cell (Model I, Yamamoto-Ms Co. Ltd) with internal di-
mensions of 6.5 x 6.5 x 9.5 cm? was employed for electrodeposition,
where the volume of the plating bath was 250 cm®. Electrodeposition
was conducted under galvanostatic conditions (0.1 A) with aeration
at 25°C.
The surface and cross-sectional morphologies of the deposited
films were examined using field emission-scanning electron mi-
croscopy (FE-SEM; SU-8000, Hitachi). A cross-section polisher
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Figure 1. Particle size distribution for CNTs in composite plating baths with
various CNT concentrations.

(SM-09010, JEOL) was used to prepare cross-sectional samples for
FE-SEM observation. The CNT content in the films was evaluated by
counting the number of CNTs in cross-sectional SEM images of the
composite films. Two evaluation areas of 500 wm? were selected for
each sample. Consequently, the CNT contents in the film were regu-
lated as the CNT number per 1000 jum?. Elemental mapping analysis
of cross-sectional samples was conducted using electron probe mi-
croanalysis (EPMA; EPMA-1610, Shimadzu Seisakusho). The phase
structures of the samples were examined using X-ray diffraction
(XRD; XRD-6000, Shimadzu Seisakusho).

Results and Discussion

Figure 1 shows the dispersibility of CNTs in the plating baths
with various concentrations of CNTs. Almost the same particle size
distribution profiles were obtained for all CNT concentrations. Two
large peaks are observed at around 100 nm and 10 wm in each profile,
which are similar to the diameter and the length of the single CNTs
used, respectively. The particle shape was assumed to be spherical for
the laser diffraction particle size analysis. However, the CNTs used
have a rod-like shape and are not spherical; therefore, the particle
diameter in the figure does not show the diameter of the CNTs in
the strict sense of the word. However, these profiles clearly present
the degree of dispersion of the CNTs, and the large two peaks at
around 100 nm and 10 pwm correspond to the diameter and the length
of a single CNT, respectively.?” Thus, it is considered that the CNTs
are homogeneously dispersed as primary particles in the composite
plating baths with CNT concentrations of 2-10 g dm~3.

Figure 2 shows the zeta potentials of CNTs in the plating baths
with various concentrations of CNTs. The zeta potentials of CNTs for
all the CNT concentrations were relatively similar and small negative
values (-15 to —20 mV). Many investigations on the zeta potentials
of CNTs in acidic or neutral aqueous solutions have reported small
negative values.”? Furthermore, the zeta potentials of CNTs are
generally affected by the CNT dispersant;**-*® anionic dispersants re-
sult in more negative zeta potentials and cationic dispersants yield
more positive zeta potentials, while non-ionic dispersants do not have
a strong effect on the zeta potential of CNTs. PA-5000 has carboxyl
groups (-COOH) and their acid dissociation is affected by pH, i.e.,
carboxyl groups do not dissociate at lower pH, but only at higher pH.*
Therefore, PA-5000 should be an anionic dispersant at higher pH due
to the acid dissociation of carboxyl groups (-COO™). However, the
pH of the plating bath used in this work was very low, so that PA-5000
should act as a non-ionic dispersant. This is one of the reasons for the
small negative zeta potentials of CNTs in the plating bath, similar to
those values reported for CNTs in acidic aqueous solutions without
dispersants.?' The dispersibility of particles in the presence of disper-
sants is generally dominated by electrostatic and/or steric repulsion.
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Figure 2. Zeta potentials for CNTs in composite plating baths with various
CNT concentrations.

The electrostatic repulsion effect is related to the zeta potential. To
stabilize dispersions by steric repulsion, absolute zeta potentials of
at least 15 mV*** and usually more than 25 mV3%3!37 are required.
In this study, the absolute values of the CNT zeta potentials were
15-20 mV; therefore, the dispersibility of the CNTs was considered
to be dominated not only by electrostatic repulsion but also by the
steric effects of PA-5000. On the other hand, the zeta potential of
CNTs is expected to have an effect on the co-deposition process of
CNTs with electrodeposited copper. During formation of the com-
posite, the CNTs should adsorb onto the deposited copper surface
and be incorporated in the deposited copper. The adsorption process
includes both electrostatic adsorption and physical adsorption by Van
der Waals force. The cathode has a more negative potential and the
CNTs also have negative zeta potentials, so that co-deposition of the
CNTs in the deposited copper should be inhibited by the electrostatic
repulsion effect. However, the absolute zeta potential for the CNTs
is not so large; therefore, the effect of electrostatic repulsion on the
co-deposition process of CNTs with copper would not be significant.

Figure 3 shows surface SEM images of electrodeposits from the
plating baths, both with (10 g dm~*) and without CNTs, formed un-
der various amounts of electric charge. For deposits formed using the
plating bath without CNTs, very thin copper sheets (3DCI1 films) with
thicknesses in the range of ca. 30-40 nm were grown with a total
thickness in proportion to the amount of electric charge (Figs. 3a—3d).
For 300 C of electric charge, the copper sheets appeared to be piled
on each other (Fig. 3d). The gaps between the copper sheets increased
with the amount of electric charge; therefore, the structural strength
of the 3DC1 films decreased with an increase in the amount of electric
charge. The piled structure is formed by the deformation of deposited
copper sheets due to the pressure of aeration during electrodeposition
and/or that of running water used for rinsing after the electrodeposi-
tion. For deposits formed from plating baths with CNTs, the CNTs
were co-deposited in the thin copper sheets and the total thickness of
the copper sheets was thicker with an increase in the amount of elec-
tric charge (Figs. 3e =3h). The CNTs in the deposits are distributed
as primary particles. Thus, 3DC/CNT composite films were success-
fully fabricated by one-step electrodeposition. Compared to the 3DC1
film, the 3DC/CNT composite film consists of relatively thick copper
sheets with thicknesses of ca. 70-80 nm. The total concentration of
PA-5000 in both plating baths was the same (3 x 10™* M) and a
portion of the PA-5000 must adsorb onto the CNTs as a dispersant in
the composite plating bath; therefore, the free PA-5000 concentration
in the 3DC/CNT composite plating bath must be lower than that in
the 3DC1 plating bath, which could affect the thickness of the copper
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Figure 3. Surface SEM images of the 3DC1 and 3DC/CNT films electrodeposited using various amounts of electric charge; 3DC1 with (a) 10 C, (b) 30 C, (c) 100
C, and (d) 300 C, and 3DC/CNT with (e) 10 C, (f) 30 C, (g) 100 C, and (h) 300 C. The 3DC/CNT films were formed using a plating bath with a CNT concentration

of 2 g dm™3.

Figure 4. High magnification surface SEM image of the 3DC/CNT film elec-
trodeposited at 300 C using a plating bath with a CNT concentration of 2 g
dm~3 (Fig. 3h).

sheets. The incorporation of CNTs into the 3DC/CNT composite film
may also affect the thickness of the copper sheets. Figure 4 shows
enlarged picture of Fig. 3h, where the CNTs penetrate though the
copper sheet and are thus fixed in the deposited copper sheet.

Figure 5 shows a schematic illustration for the process whereby the
CNTs are incorporated into the copper sheet. A copper sheet grows
only in the planar direction while maintaining the same thickness (Fig.
5a). When the growing copper sheet meets a CNT (Fig. 5b), the copper
sheet continues to grow without change in the growth direction and

CNT

- —
Copper sheet
(a) (b)

substrate

Cu substrate

Figure 6. Cross-sectional SEM images of the 3DC/CNT composite films elec-
trodeposited from plating baths with CNT concentrations of (a) 0 g dm™3
(3DCl film), (b)2 g dm=3, () 5 g dm™3, and (d) 10 g dm~3. The amount of
electric charge for electrodeposition was 300 C.

while maintaining the thickness, which results in the incorporation of
the CNT into the copper sheet (Fig. 5¢).

Figure 6 shows cross-sectional SEM images of the 3DC1 film and
the 3DC/CNT composite films fabricated from plating baths contain-
ing various CNT concentrations. All films were electrodeposited with
300 C of electric charge. The thickness calculated for the compact

(©

Figure 5. Schematic illustration of the process for CNT incorporation into the copper sheet. (a) A copper sheet grows only in the planar direction while maintaining
the same thickness. A CNT is adsorbed onto other copper sheets near the growing copper sheet. (b) The growing copper sheet meets the CNT. (c) The copper sheet
then continues to grow while maintaining the same thickness, which results in incorporation of the CNT into the copper sheet.
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Figure 7. Relationship between CNT concentration in the plating bath and
the CNT content in the electrodeposit.

copper film electrodeposited with 300 C of electric charge is ca. 10
wm. The observed film thickness of the 3DCI film is ca. 28 pm (Fig.
6a); therefore, the porosity of the 3DC1 film is estimated to be ca.
64%. Compared to the 3DC1 film, the film thicknesses (i.e., porosi-
ties) of the 3DC/CNT films are larger and the porosity increases with
the CNT content in the plating baths. The estimated porosities were
66%, 71%, and 74% for CNT plating bath concentrations of 2, 5, and
10 g dm~3, respectively (Figs. 6b —6d). The volume of the CNTs was
ignored in the estimation of the porosity. The relationship between the
CNT concentration in the plating bath and the CNT content in the de-
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posits is shown in Fig. 7. The CNT content was evaluated by counting
the number of CNTs in cross-sectional SEM images of the composite
films. Quantitative analysis of CNTs using energy-dispersive X-ray
spectroscopy (EDS) and wavelength-dispersive X-ray spectroscopy
(WDS) do not give accurate values for uneven samples such as the
3DC/CNT composite films. Direct weighing of the CNTs after re-
moval of the copper matrix is one of the appropriate methods; how-
ever, the mass of CNTs was too small to weigh accurately in this
study. The CNT content in the composite films increased with the
CNT concentration in the plating bath, as shown in Fig. 7. Therefore,
it is concluded that the porosity of the 3DC/CNT composite films
increases with the CNT content in the film.

Figure 8 shows enlarged cross-sectional SEM images of those
shown in Fig. 6. Figs. 8a —8d and Figs. 8a—8d’ show the upper and
lower parts of Figs. 6a —6d, respectively. Fig. 8a shows the top re-
gion of the 3DCI1 film. The copper sheets of the 3DCI1 film are
piled on each other, which results in a relatively packed morphol-
ogy. This morphology corresponds to that of the surface morphology
(Fig. 3d). These piles of copper sheets are formed by the deforma-
tion of deposited copper sheets due to the pressure of aeration during
electrodeposition and/or that of running water during rinsing of the
electrodeposited samples. In contrast, the piled texture is not observed
in the 3DC/CNT composite films, and the interior spaces increase with
the CNT content in the composite films (Figs. 8b —8d). Fig. 8a’ shows
the bottom region of the 3DC1 film. Although the copper sheets do
not have a clearly piled texture as with the top region (Fig. 8a), the
interior spaces between sheets are not so large. In contrast, similar to
the top regions (Figs. 8b —8d), the copper sheets at the bottom of the
3DC/CNT composite films had larger interior spaces than the 3DC1
film (Fig. 8a’), and the interior spaces increased with the CNT content
(Figs. 8b’'-8d"). Thus, compared to the 3DC1 film, the 3DC/CNT com-
posite films have larger spaces inside the films and the interior spaces
increase with the CNT content in the composite films. Figure 9 shows
schematic diagrams of the 3DC1 film and 3DC/CNT composite film
structures. The 3D structure is deformed when the thickness of the
film increases, which results in the piled structure, i.e., a decrease of

Figure 8. Enlarged SEM images of Fig. 6. (a) Upper and (a’) bottom of Fig. 6a, (b) upper and (b) bottom of Fig. 6b, (c) upper and (c¢’) bottom of Fig. 6¢, and (d)

upper and (d’) bottom of Fig. 6d.
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Figure 9. Schematic illustrations of 3D copper film structures for thick films. (a) 3DCI film, (b) 3DC/CNT composite film with a small amount of CNTs, and (c)

3DC/CNT composite film with a large amount of CNTs.
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Figure 10. EPMA cross-sectional mapping analysis of the 3DCI film and the 3DC/CNT composite film. (a) SEM image of the 3DCI1 cross-section, and
distributions of (b) copper and (c) carbon. (d) SEM image of the 3DC/CNT cross-section, and distributions of (e) copper and (f) carbon. The 3DC/CNT composite

film was formed using a plating bath containing 10 g dm~3 CNTs.

porosity (Fig. 9a). In contrast, the 3DC/CNT composite films maintain
the 3D structure and have higher porosity than the 3DC1 film, even
if the film thickness is increased, and the porosity increases with the
CNT content in the film (Figs. 9b and 9c).

Figure 10 shows the results of EPMA elemental mapping analysis
for cross-sections of the 3DCI1 film and a 3DC/CNT composite film.
The 3DC/CNT composite film was formed from a plating bath with
a CNT concentration of 10 g dm~3. For the 3DC] film, the copper is
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Figure 11. XRD patterns for (a) 3DC1, and for 3DC/CNT films formed from
plating baths with CNT concentrations of (b) 2, (c) 5, and (d) 10 g dm—3.

distributed across the cross-section of the film and carbon is essentially
absent (Figs. 10a—10c). In contrast, the 3DC/CNT composite film has
relatively homogeneous distributions of carbon (CNTs) and copper
across the cross-section.

Figure 11a shows an XRD pattern for the 3DC1 film and Figs. 11b
—11d show those for the 3DC/CNT composite films electrodeposited
from plating bath with various CNT concentrations. Every diffrac-
tion peak is sharp and assigned to the face-centered-cubic copper. No
clear diffraction peak of the CNTs was observed in the XRD patterns,
probably due to the small quantity of CNTs in the 3DC/CNT compos-
ite film, which would be insufficient for XRD detection. The results
indicate that the 3DC/CNT composite films consist of relatively high-
crystallinity copper sheets and CNTs.

The 3DC/CNT films fabricated in this study are expected to be
used for various functional electrode applications, such as electrodes
for electric double layer capacitors and lithium-ion batteries.*® The
specific surface area and other properties of the 3DC/CNT composite
films will be examined in future work.

Conclusions

A copper film with a 3D structure that consists of thin copper
sheets and CNT's was fabricated by a one-step electrodeposition tech-
nique. The CNTs were incorporated tightly in the copper sheets and
were distributed homogeneously in the composite film. This new 3D
composite film is expected to be applied to various applications as a
functional electrode material.
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