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Carbon nanotube (CNT)/Cu composite yarns were formed via a single-step electrodeposition process. A twisted CNT yarn
composed of multiwalled CNTs (MWCNTs) was used. Copper was directly electrodeposited onto the CNT yarn under
galvanostatic conditions using copper sulfate baths with and without additives. Four additives (polyethylene glycol (PEG),
chloride anion (C1), bis(3-sulfopropyl)disulfide (SPS), and Janus green B (JGB)) that are well known as “via-filling additives”
were used together. The surface and cross-sectional microstructures of the copper-deposited CNT yarns were analyzed. Copper was
electrodeposited only onto the surface of the CNT yarn from the bath without additives, resulting in a copper-coated CNT yarn. By
contrast, copper was deposited not only onto the surface but also into the interior of the CNT yarn from the bath with the additives.
The amount of copper deposited into the CNT yarn tended to increase with increasing PEG and C1™ concentrations. The current
density also affected the size and location of the deposited copper particles. When the electrodeposition conditions were optimized,
copper was relatively homogeneously deposited into the interior of the CNT yarn, resulting in a CNT/Cu composite yarn.
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Carbon nanotube (CNT) yarn,l’ll which is a one-dimensional

macroscopic assembly material composed of CNTs, has attracted
intensive attention as a replacement for metallic wires because of its
flexibility, high mechanical strength, and low density.'"'* However,
its electrical conductivity still lags behind those of commonly used
metallic wire materials such as copper or aluminum.'® Although
individual CNTs themselves exhibit low electrical resistivity (sev-
eral uQ cm)," CNT yarns exhibit greater electrical resistivity
(12-1000 £ cm) than individual CNTs.!> A treatment method of
chemical doping followed by annealing has been developed to
improve the electrical conductivity of CNT yarns.'¢

Recently, metallization of CNT yarns, especially metallization
using copper, has been studied as a method to dramatically improve
the electrical conductivity of CNT yarns. Physical vapor deposition
of copper onto a CNT yarn by magnetron sputtering and continuous
physical treatments such as drawing and rolling have been reported
to improve the electrical conductivity of CNT yarns.'”'® In these
previous works, copper was deposited only onto the surface of the
CNT yarns, resulting in copper-coated CNT yarns.

Studies on the metallization of CNT yarns by electrodeposition
have also been reported.'*? In these reports, aqueous copper sulfate
baths without additives were mainly used. In most cases, because
hydrophobic CNT yarns with a dense structure were used, copper
was deposited onto the surface of CNT yarns, with little deposition
of copgper inside the yarns, resulting in copper-coated CNT
yarns. ©?° When CNT yarns with numerous pores of several
hundred nanometers between adjacent CNTs were used, the electro-
deposition of copper not only onto the surface but also into the
interior of the CNT yarns was achieved, resulting in CNT/Cu
composite yarns.>' Sundaram et al. proposed a two-step electro-
deposition method comprising a copper seeding step with an organic
copper bath followed by a copper seed growth step with an aqueous
copper bath; they achieved homogeneous electrodeposition of
copper in the interior of CNT yarns, resulting in CNT/Cu composite
yarns.’>** In contrast, we have already reported that the electro-
deposition of copper inside a free-standing CNT film (i.e., a CNT
sheet composed of CNTs) could be achieved using an aqueous
copper sulfate bath with additives via a single-step process.”

In the present study, the effects of electrodeposition conditions
(e.g., additives) on the morphology of copper deposited onto/into a
CNT yarn were investigated with the objective of developing a

*Electrochemical Society Member.
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single-step fabrication process for CNT/Cu composite yarns by
electrodeposition.

Experimental

Industrial multiwalled CNT (MWCNT) yarns (TPR Co., Ltd.)
available as 10 m spools were used. They were single filaments (yarn
diameter: ~40 pm) manufactured by continuous twist-spinning of
substrate-grown vertical MWCNT arrays (CNT diameter: ~10 nm,
array height corresponds to CNT length: 130 pm). The CNT yarn
exhibited a neat appearance and good flexibility (Fig. 1a). Surface
images of the yarn, as obtained by scanning electron microscopy
(SEM), are shown in Fig. 1b (low magnification) and Fig. 1c (high
magnification). The yarn had a uniform thickness and a twisted
texture (Fig. 1b). Although a few gaps of 100-200 nm diameter were
observed on the surface of the CNT yarn (Fig. 1c), the CNT yarn had
an overall dense morphology. A dense texture without large gaps in
the interior of the CNT yarn was also confirmed by cross-sectional
SEM observations (Fig. 1d). These SEM images were collected
using the electron microscope described in the next paragraph.

A schematic of the electrodeposition-cell setup is shown in Fig. 2.
The CNT yarn was cut and then covered using masking tape with an
exposed length of 3 cm. A molybdenum weight covered with masking
tape was attached to one end of the masked CNT yarn to apply tension
to the CNT yarn during the electrodeposition process. The CNT yarn
was then placed in the center of a glass beaker cell, where it was used
as the cathode. Four pure copper plates (anode) covered with masking
tape so that their exposed surface area was 1.5 cm x 4 cm (6 cm?)
were prepared and were arranged symmetrically at four corners in the
glass beaker cell. An aqueous solution composed of 0.85 M
CuS0O45H,0 and 0.55 M H,SO, was used as the base bath. As
shown in Table I, polyethylene glycol (PEG) with a mean molecular
weight of 2000, chloride ions (Cl~, as HCI), bis(3-sulfopropyl)
disulfide (SPS), and Janus green B (JGB) were added to the base
bath as additives (well-known via-filling additives); three additive
baths (bath A, bath B, and bath C) were prepared. Bath B contained
fivefold greater concentrations of PEG and C1™ than bath A, and bath
C contained twofold greater concentrations of PEG and C1™ than bath
B (Table I). Electrodeposition was performed using an electroche-
mical measurement system (HZ-7000 Hokuto Denko), where an
Ag/AgCl electrode (+0.199 V vs SHE) was adapted to the previously
described cell setup, under chronopotentiometry mode at 25 °C and
without agitation. In this measurement system, the CNT yarn, the four
copper plates, and the Ag/AgCl electrode are the working electrode,
the counter electrode, and the reference electrode, respectively. The
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Figure 1. (a) Appearance of a CNT yarn. (b) Surface SEM image of a CNT yarn. (c) High-magnification image of the specimen shown in (b). (d) Cross-sectional

SEM image of the CNT yarn.

surface and cross-sectional morphologies of samples were observed
using field-emission scanning electron microscopy (FE-SEM; SU
8000 Hitachi High-Tech). Cross-sectional samples were prepared
using ion milling equipment (IM 4000 Hitachi High-Tech). Samples
were embedded in an epoxy resin before the ion milling process.
Elementary mapping analysis of the cross-sectional samples was also
conducted by FE-SEM (7000F JEOL) in conjunction with energy-
dispersive X-ray spectroscopy.

Results and Discussion

Figure 3 displays the surface morphologies of the CNT yarns
after the electrodeposition of copper from various baths with various
electrical charges at a current of 0.38 mA. The current of 0.38 mA
corresponds to a current density of 10 mA cm ™2 if the cathode area
is assumed to be the surface area of the exposed CNT yarn and the
cathode area is assumed to not change during electrodeposition.
Panels a—d of Fig. 3 display surface morphologies of the CNT yarns
with an electrical charge of 0.11 C from various baths. In the case of
the base bath, copper grains with a ~5 pm diameter are observed to
be distributed across the surface; however, most of the surface of the
CNT yarn was not coated with copper (Fig. 3a). By contrast, the
CNT yarns from the additive baths were entirely coated with
deposited copper grains with 1-2 pum diameters (Figs. 3b-3d).
However, uncoated regions—that is, the exposed surface of the CNT

yarn—were also observed on these samples. Panels a’—d’ of Fig. 3
display the surface morphologies of the CNT yarns with copper
deposited with an electric charge of 0.58 C from various baths. All
of the CNT yarns were perfectly coated with the deposited copper. In
the case of the base bath, the CNT yarn was coated with copper
grains with a diameter of ~5 pm (Fig. 3a’). By contrast, in the cases
of additive baths, the CNT yarns were coated with very small copper
grains, resulting in smooth surface morphologies (Figs. 3b’-3d’).
Panels a”"—d” of Fig. 3 show the surface morphologies of the CNT
yarns with an electric charge of 1.28 C from various baths.
Compared with the copper-coated CNT yarns obtained with an
electric charge of 0.58 C, those deposited with a charge of 1.28 C
exhibited a larger diameter but the same surface morphology.
Figure 4 displays cross-sectional SEM images of the CNT yarns
after the electrodeposition of copper from various baths at a current
of 0.38 mA. Panels a—d of Fig. 4 display cross-sectional morphol-
ogies of the CNT yarns with an electrical charge of 0.11 C from
various baths. Copper was electrodeposited only onto the surface of
the CNT yarn from the base bath (Fig. 4a). By contrast, copper was
deposited not only onto but also into the CNT yarns from the
additive baths (Figs. 4b—4d). The amount of deposited copper
increased in the order bath A, bath B, bath C, that is, with increasing
concentrations of PEG and ClI”. PEG and Cl™ inhibit cogper
electrodeposition in a sulfate bath via a synergic effect.”>>° In
addition, copper electrodeposition is also inhibited by the synergic

Table 1. Bath compositions.

Reagent Base Bath Bath A Bath B Bath C

CuSO, -5H,0 0.85 mol dm > 0.85 mol dm > 0.85 mol dm > 0.85 mol dm >
H,S0, 0.55 mol dm > 0.55 mol dm > 0.55 mol dm? 0.55 mol dm >
PEG2000 100 ppm 500 ppm 1000 ppm

Cl™ (as HCI) 50 ppm 250 ppm 500 ppm

SPS 2 ppm 2 ppm 2 ppm

JGB 2 ppm 2 ppm 2 ppm
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Figure 2. Schematic of the electrolytic cell setup.

effect of PEG and CI~, even in the presence of SPS and JGB.*7%
Therefore, the electrodeposition of copper onto the surface of the CNT
yarn should be suppressed by the synergic effect of PEG and Cl-,
resulting in copper deposition both inside the CNT yarn and onto its
surface. Increasing the concentrations of PEG and CI™ further
inhibited copper deposition onto the surface of the CNT yarn,
resulting in an increase in copper deposition inside the CNT yarn.
Panels a’—d’ of Fig. 4 display cross-sectional morphologies of the
CNT yarns with copper deposited with an electrical charge of 0.58 C
from various baths. Copper was electrodeposited only onto the surface
of the CNT yarn from the base bath, and the CNT yarn was perfectly
coated with copper (Fig. 4a’; see also Fig. 3a’). By contrast, in cases
of additive baths, although copper was deposited inside the CNT yarn,
the surface of the yarn was also coated perfectly with deposited
copper (Figs. 4b’—4d’; see also Figs. 3b’-3d"). Panels a"—d” of Fig. 4
display cross-sectional morphologies of the CNT yarns with copper
deposited with an electrical charge of 1.28 C from various baths.

Electrodeposition of copper inside the CNT yarn did not proceed;
copper deposited only onto the previously deposited copper on the
surface of the CNT yarns. This result is attributed to the penetration of
the baths into the CNT yarns being impeded by the copper film
deposited onto the surface of the CNT yarns.

Figure 5 shows the elemental mapping results for the CNT yarns
after copper electrodeposition at 0.38 mA with an electric charge of
1.28 C from the base bath and from bath B. In the case of the
deposition conducted in the base bath, copper is distributed only on
the surface of the CNT yarn, resulting in a copper-coated CNT yarn
(Figs. 5a-5c¢). By contrast, in the case of electrodeposition in bath B,
copper was deposited inside the CNT yarn, resulting in a copper-
coated CNT yarn with a CNT/Cu composite area inside the yarn
(Figs. 5d-5¢).

Figure 6 shows the chronopotentiograms corresponding to the
electrodeposition of copper onto the CNT yarns at 0.38 mA from
various baths. The three vertical dotted lines in this figure denote the
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Figure 3. Surface SEM images of copper-deposited CNT yarns with different electrical charges using copper sulfate baths containing different concentration of
additives: (a) base bath, 0.11 C, (a’) base bath, 0.58 C, (a”) base bath, 1.28 C, (b) bath A, 0.11 C, (b’) bath A, 0.58 C, (b”) bath A, 1.28 C, (c) bath B, 0.11 C,
(c’) bath B, 0.58 C, (c”) bath B, 1.28 C, (d) bath C, 0.11 C, (d’) bath C, 0.58 C, and (d”) bath C, 1.28 C.

times that correspond to electrical charges of 0.11, 0.58, and 1.28 C,
respectively. The potential for the base bath (black line) fluctuated
until ~400 s and shifted gradually toward more positive potentials.
By contrast, the potentials for the additive baths (bath A: red line,
bath B: blue line, and bath C: green line) fluctuated greatly until
~1200 s and also shifted gradually toward more positive potentials.
The potentials corresponding to the additive baths are more negative
than that corresponding to the base bath; that is, the overpotentials of
the additive baths are larger than that of the base bath. In the case of
the base bath, the changing potential until ~400 s, including 280 s,
which corresponds to 0.11 C, is likely attributable to the change of
the cathode area on the surface of the CNT yarn (Figs. 3a and 4a).
After ~400s, including 1530s (0.58 C) and 3500s (1.28 C),
the surface area of the cathode gradually increased, as shown in
Fisg. 3a’, 3a”. This increase should lead to a gradual decrease in the
current density (i.e., a gradual decrease in the cathode overpotential),
resulting in a gradual shift toward the positive direction. By contrast,
in the case of the additive baths, the potential changes until ~1200 s,
which includes 280 s (0.11 C), should be due to the change in the
cathode area not only on the surface but also inside the surface of the
CNT yarns (Figs. 4b-4d). After ~1200s, which includes 1530 s

(0.58 C) and 3500s (1.28 C), the surface area of the cathode
increased gradually (Figs. 4b'—4d’, 4b”"—4d”), resulting in the
observed gradual shift toward more positive potentials, as previously
described. The resistance (resistivity) of the CNT yarn cathode likely
decreased during copper electrodeposition, and this probably
affected the gradual shift toward positive potentials to some extent.

Figure 7 shows cross-sectional SEM images of the CNT yarns
with copper deposited from bath B with an electric charge of 0.58 C
at various currents (current densities). The amount of copper
deposited in the CNT yarn increased with increasing applied current.
Meanwhile, the amount of copper deposited onto the surface of the
CNT yarn decreased with increasing applied current. In the case of
1.13 mA, copper deposition also occurred at the center of the CNT
yarn and the size of the deposited copper grains in the yarn was
several hundred nanometers—smaller than the grains of the copper
deposited at 0.19 and 0.38 mA (1-2 pm) (panels a and b,
respectively, of Fig. 7). Thus, the current density affected the
location of copper deposition and the size of the deposited copper
particles in the CNT yarn.

Figure 8 displays the elemental mapping analysis results corre-
sponding to Fig. 7c. Although, the CNT yarn is coated with a thin
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Figure 4. Cross-sectional SEM images of copper-deposited CNT yarns with different electrical charges using copper sulfate baths containing different
concentrations of additives: (a) base bath, 0.11 C, (a’) base bath, 0.58 C, (a”) base bath, 1.28 C, (b) bath A, 0.11 C, (b’) bath A, 0.58 C, (b”) bath A, 1.28 C,
(c) bath B, 0.11 C, (c) bath B, 0.58 C, (c¢”) bath B, 1.28 C, (d) bath C, 0.11 C, (d’) bath C, 0.58 C, and (d”) bath C, 1.28 C.

Figure 5. Elemental mapping analysis of cross sections of copper-deposited CNT yarns with an electrical charge of 1.28 C using the base bath and bath B:
(a) backscattered electron micrograph for the base bath, (b) carbon distribution in the image shown in (a), and (c) copper distribution in the image shown in (a).
(d) Backscattered electron micrograph for bath B. (e) Carbon distribution in the image shown in (d) and (f) copper distribution for bath B.
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Figure 6. Chronopotentiometry during copper electrodeposition using
various plating baths. The current is 0.38 mA.

copper film (~1 pum) and the copper concentration is lower at the
central area, copper is uniformly distributed to some degree across
the CNT yarn, almost resulting in CNT/Cu composite yarn.

Figure 9 shows the chronopotentiometry during the electrodepo-
sition of copper on the CNT yarns from bath B at various currents
(0.19 mA: green line, 0.38 mA: blue line, and 1.13 mA: red line).
The electrical charge is 0.58 C. The cathode potential shifted toward
the more negative direction with increasing current (current density);
that is, the cathode overpotential increased with increasing current
(current density). The difference in cathode potentials between
0.19 mA and 0.38 mA is relatively small, whereas the cathode
potential corresponding to 1.13 mA is clearly more negative than
those of the other two samples; that is, the current of 1.13 mA
resulted in an obviously larger overpotential. This larger over-
potential is likely related to the greater amount of copper deposited
and smaller size of the deposited copper in the CNT yarn.

Figure 10 depicts schematics of the copper electrodeposition
mechanism of the base bath (additive-free bath) and the additive
baths. In the case of the additive-free bath, because the surface of
the CNT yarn is hydrophobic, the aqueous plating bath does not
well wet the CNT yarn. Consequently, copper electrodeposition
proceeds only on the surface of the CNT yarn, resulting in a
copper-coated CNT yarn (Fig. 10a). By contrast, in the case of the
additive bath, which contains PEG, C1~, SPS, and JGB, the PEG
should act as a surfactant and improve the wetting of the CNT yarn
by the bath,* resulting in some penetration of the bath into the
CNT yarn, especially into the gaps of the CNT yarn (Fig. lc).
During the electrodeposition, PEG and Cl~ should inhibit the
electrodeposition of copper onto the copper grains already depos-
ited onto the surface of the CNT yarn via a synergic effect.
Consequently, the copper deposition rate inside the CNT yarn
increased compared with that on the surface under galvanostatic
conditions. The copper deposited inside the CNT yarn increased,
widening the gaps and hydrophilizing their interiors, resulting in
further penetration of the plating bath into the CNT yarn. Because
PEG has a greater molecular weight than the other three additives
and is more difficult to diffuse into the gaps, the composition of the
plating bath inside the CNT yarn gradually became base bath plus
Cl, SPS, and JGB, excluding PEG. The C1~, SPS, and JGB likely
accelerated the electrodeposition of copper into the CNT yarn by a
single effect and/or a synergic effect, resulting in a CNT/Cu
composite yarn (Fig. 10b).>~*!

The current density (i.e., the cathode overpotential) should
influence the grain size of deposited copper. In the case of the
additive bath, when the surface of the CNT yarn is exposed to the

Figure 7. Cross-sectional SEM images of copper-deposited CNT
yarns using bath B with an electrical charge of 0.58 C at different currents:
(a) 0.19 mA, (b) 0.38 mA, and (c) 1.13 mA.

bath, copper deposition inside the CNT yarn can continue. However,
after the CNT yarn has been perfectly coated with copper, the
penetration of the plating bath into the CNT yarn is blocked,
resulting in copper deposition only on the surface of the CNT
yarn. In summary, both the inhibition of copper deposition on the
surface of the CNT yarn and the acceleration of copper deposition
into the CNT yarn are important in fabricating CNT/Cu composite
yarns.

Thus, one-step fabrication of the CNT/Cu composite yarn can be
achieved by electrodeposition using a copper plating bath containing
both an inhibitor and an accelerator. The properties of the CNT/Cu
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Elemental mapping analysis for the cross section of copper-deposited CNT yarn using the bath B with an electrical charge of 0.58 C at a current of
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composite yarn, such as its electric conductivity, will be evaluated in
detail in our future work.

Conclusions

The single-step fabrication of CNT/Cu composite yarns was
examined by electrodeposition. The effects of additives (PEG, CI~,
SPS, and JGB) on the morphology of electrodeposited copper onto/
into the CNT yarn were investigated. Copper was electrodeposited
only onto the surface of the CNT yarns using a copper sulfate bath
without additives, resulting in copper-coated CNT yarns. By
contrast, copper deposition occurred not only on but also in the
CNT yarns; consequently, a CNT/Cu composite was formed inside
the CNT yarn. This composite area was increased through optimiza-
tion of the electrodeposition conditions such as the current density,
resulting in a CNT/Cu composite yarn.

Cu-coated CNT yarn

CNT/Cu composite yarn

Figure 10. Schematic of the differences in copper deposition morphology of copper deposited from (a) the base bath (additive-free bath) and (b) the additive

bath.
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