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Cu/multiwalled carbon nanotube (MWCNT) composites containing two different sized MWCNTSs were fabricated using an electroless
deposition technique in aqueous solution. In order to disperse the MWCNTs in the solution, an anionic dispersant of sodium dodecyl
sulfate (SDS) and a polymeric dispersant of hydroxypropyl cellulose (HPC) were used. The dispersibility of the MWCNTs in solution
was evaluated by measuring the particle size distribution. The zeta potential for the MWCNTSs was also evaluated to examine the
dispersibility. Uniform Ct/MWCNT composites containing the two different sized MWCNT's were fabricated through the electroless
copper deposition process from a solution containing copper ions, a complexing agent, a reducing agent, and two dispersants, SDS

and HPC, in addition to the two different sized MWCNTs.
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Carbon nanotubes (CNTs) have excellent thermal conductivity,'
stable electrical resistance in the presence of high currents® as
well as superior mechanical properties.>* Metal/CNT composites
are therefore expected to be potential functional materials and there
have been many investigations concerning fabrication of metal/CNT
composites.’ In particular, Cu//CNT composites have attracted atten-
tion due to their applications in electronics and other fields. Cu/CNT
composites thus far have mainly been fabricated using metallurgical
methods such as spark plasma sintering,®'% hot press sintering,!'~!4
high pressure torsion,'>!® microwave sintering,!” and the rolling
method.'® However, the dispersibility of CNTs in the copper matrix
has often been a problem.

Electrodeposition, an electrochemical method, has been investi-
gated for fabricating Cu/CNT composites.!*! This method has sev-
eral advantages. For instance, Cu/CNT composites can be formed
at ambient temperature and atmospheric pressure. Different from the
electrochemical method, a chemical method called electroless deposi-
tion enables the formation of metal layers on both conductive and non-
conductive objects. Our group has previously reported the frictional
properties of Cu/multiwalled carbon nanotube (MWCNT) composites
fabricated using the electroless deposition method.?? With regard to
the thermal properties of metal/CNT composites, AI/CNT compos-
ites containing different sized CNTs fabricated using a metallurgi-
cal method showed excellent high thermal conductivity.* Therefore,
Cu/CNT composites containing different sized CNTs are expected to
be potential candidates for materials with high thermal conductivity
and other functional materials.

To realize the formation of uniform Ct/MWCNT composites con-
taining different sized MWCNTs by electroless deposition, the dis-
persion of the MWCNTs in solution is important. Since MWCNTs
are hydrophobic, the introduction of hydrophilic groups, such as the
hydroxyl group or carboxyl group, on the surface of the MWCNTs
and/or the addition of dispersants of MWCNTs are needed to dis-
perse the CNTs in aqueous solutions. To graft hydrophilic groups on
the surface of CNTs, acid treatment,?* heat-treatment,”> and plasma
treatment?® have been explored. These methods basically destroy the
sp2 carbon bonding of CNTs. The anionic dispersing agent sodium
dodecyl sulfate (SDS) has been investigated extensively as a surfactant
for CNTs,”7# and other dispersing agents such as a salmon DNA,*' a
polysaccharide chitosan*? and pyrene-capped polystyrene,** have also
been investigated. Furthermore, the combination of different kinds of
surfactants, such as SDS and hydroxypropyl methyl cellulose, has
been attempted.** Generally, the dispersibility of particles in aqueous
solutions decreases in the presence of ions.
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In the present study, the fabrication of CW/MWCNT composites
containing different sized MWCNTs using an electroless deposition
technique was explored. The dispersibility of MWCNTSs in electro-
less copper deposition solutions containing large amounts of ions was
investigated and the formation of C&//MWCNT composites incorpo-
rating different sized MWCNTSs homogeneously was demonstrated.

Experimental

CuSO, - 5H,0, H,SO,, glyoxylic acid, ethylenediamine-
N,N,N’,N’-tetraacetic acid disodium salt (EDTA -2Na), PdCl,,
SnCl, - 2H,0, HCI, Sodium dodecyl sulfate (SDS), and hydrox-
ypropylcellulose (HPC, viscosity: 2.0-2.9 mPa-s) were obtained
from Wako Pure Chemical Industries, Ltd. Two different sized
commercially available MWCNTs were used. Larger MWCNTs
(MWCNT-L) were obtained from Showa Denko K. K. (commercial
name: VGCF) and smaller MWCNTs (MWCNT-S) were obtained
from Bayer MaterialScience (commercial name: Bay tube C70P).
The microstructure of the MWCNT-L and MWCNT-S was analyzed
using a field emission scanning electron microscope (FE-SEM,
SU-8000, Hitachi Co. Ltd.) and a scanning transmission electron
microscope (STEM, HD-2300A, Hitachi Co., Ltd.). SEM and STEM
experiments were conducted at an acceleration voltage of 5 kV and
200 kV, respectively. The MWCNT-L has a stick shape and the
MWCNT-S has a curved shape (Figures la and 1d). The diameters
of MWCNT-L and MWCNT-S are 100-150 nm and 15-20 nm,
respectively (Figures 1a, 1b, 1d and 1e). Both MWCNTSs undoubtedly
have multiwalled structures (Figures 1c and 1f). The lengths of the
MWCNT-L and MWCNT-S could not be determined with certainty
from the SEM and TEM characterizations, but the catalog values are
ca. 10 pm and 10-15 pm, respectively. Pure copper plates (B-60-P05,
Yamamoto-Ms Co., Ltd.) were used as substrates. Pure water from a

Figure 1. Electron microscopy characterization: (a) SEM image of MWCNT-
L, (b, ¢) STEM images of MWCNT-L, (d) SEM image of MWCNT-S, (e, f)
STEM images of MWCNT-S.
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water purifier (RFP343RA, Advantec MFS, Inc.) was used in all the
experiments.

The base composition of electroless copper deposition solution
was 0.06 M CuSO; - 5H,0 + 0.03 M gryoxylic acid monohydrate
(CHOCOOH - H,0) + 0.1 M EDTA - 2Na. The pH value was adjusted
to 12.1 using KOH. The glyoxylic acid and the EDTA were the re-
ducing agent and complexing agent of Cu®>*, respectively. To disperse
MWCNTs in the electroless copper deposition solution, dispersants
(SDS, HPC and SDS+HPC) were added to the base electroless copper
deposition solution, and the MWCNTSs were continuously added. To
disperse MWCNTs efficiently, the solution with MWCNTs was ul-
trasonicated for 5 min using a homogenizer (Ultrasonic Homogenizer
US-300T, Nissei Co.). The dispersibility of MWCNTs in the electro-
less copper deposition solutions was evaluated using a laser diffraction
particle analyzer (SALD-7000, Shimadzu Co.) at room temperature.
The measurements were carried out using the copper deposition solu-
tions without the reducing agent (glyoxylic acid) to avoid the copper
deposition reaction during the measurement. The zeta potentials for
MWCNTs in solution were evaluated using an electrophoresis zeta
potential analyzer (Model 502, Nihon Rufuto, Co. Ltd.). Since the
copper electrodeposition solutions are aqueous solutions, the zeta po-
tentials were calculated using the Smoluchowski equation:

= P8t (1]

n

where W is electrophoretic mobility, € is relative dielectric constant
of water, ¢, is dielectric constant of vacuum, ¢ is zeta potential, and n
is the viscosity of the solution. The zeta potential was determined by
measuring electrophoretic mobility of MWCNTSs. Since the copper
deposition solutions have high conductivity and the measurement of
the electrophoretic mobility of MWCNTSs was difficult, the solutions
were diluted approximately 100 times with pure water to reduce the
conductivity of the solutions. The measurement was conducted 20
times and the average value was calculated as the measurement value.

In order to start the electroless copper deposition reaction, the cop-
per substrates were pre-treated. The substrates were first degreased
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by soaking in a commercially available alkaline solution at 60°C for
5 min (C-4000, C. Uyemura & Co. Ltd.). After soaking in 10% H,SOy,
the copper substrates were immersed in a 4.4 x 1072 M SnCl, - 2H,0
+ 0.12 M HCI solution at 35°C for 5 min to cause adsorption of
Sn?* ions (sensitization). The substrates were then immersed in a
5.6 x 107* M PdCl, + 0.12 M HClI solution at 35°C for 5 min to
form palladium catalytic nuclei on their surfaces (activation). After
the pre-treatment, the substrate was immersed in the electroless cop-
per deposition solution with the MWCNTSs and dispersants. A 1 L
borosilicate glass beaker was used as the reaction vessel and 500 mL
volume of the solution was used. Copper deposition was carried out
at 60°C for 120 min with magnetic stirring.

The fabricated Cu/MWCNT composites were observed using the
FE-SEM. The mean thickness of the copper deposit was calculated
from its weight and the weight of the incorporated MWCNTs was
ignored. The phase structure of the C/MWCNT composites was
evaluated by X-ray diffraction (XRD) using Cu K, radiation with the
thin film diffraction mode (SmartLab, Rigaku Co.); the incident angle
was 1°.

Results and Discussion

Figure 2 shows the effects of the dispersants on the dispersibility
of MWCNT-L and MWCNT-S in the electroless copper deposition
solution. The amount of MWCNTSs was 2 g dm~ in all the solutions.
For the laser diffraction particle size analysis, the particle shape was
assumed to be spherical. Since the MWCNTS have a stick or fibrous
shape and not a spherical shape, the particle diameters in the figures
do not show the diameters of the MWCNTSs. However, these charts
clearly present the degree of dispersion of the MWCNTs. For the
dispersibility of MWCNT-L, the particle size became smaller with
increasing SDS concentration (Figure 2a).

In contrast, the particle size distributions for MWCNT-L were al-
most the same for different concentrations of HPC and they were
also shifted toward smaller particle diameters than those with SDS
(Fig. 2b). The particle size distributions of MWCNT-L with the
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Figure 2. Dispersibility of MWCNTSs: Distributions of particle size for (a), (b), (¢) MWCNT-L and (d), (e), (f) for MWCNT-S, with SDS, HPC and SDS+HPC,

respectively.
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Figure 3. Zeta potentials for MWCNTs: (a) Effects of concentrations of dis-
persants on zeta potentials for both MWCNTSs. (b) Effects of SDS/HPC molar
ratio on zeta potentials for both MWCNTs.

combination of SDS and HPC (SDS+HPC) for different SDS/HPC
ratios were almost the same as those for HPC (Fig. 2c). This might
mean that MWCNT-L is completely dispersed as primary particles
with HPC.* For the dispersibility of MWCNT-S, peaks correspond-
ing to larger particle diameter are seen for all SDS concentrations (Fig.
2d). In contrast, the particle size distributions for MWCNT-S are al-
most the same for different concentrations of HPC and are also shifted
toward smaller particle diameters compared to the case of SDS, mean-
ing the dispersibility of MWCNT-S with HPC was clearly higher than
that with SDS (Fig. 2e). In the case of SDS+HPC, the dispersibility of

Dodecyl sulfate ions HPC

HPC

MWCNT-S increased with increasing SDS/HPC ratio. In particular,
in the case of SDS:HPC=7:3, the dispersibility of MWCNT-S was
higher than that with HPC (Fig. 2f). Thus, the addition of HPC is
more effective for dispersing both sized MWCNTSs homogeneously in
the electroless copper deposition solutions than the addition of SDS,
and the combination of SDS and HPC increases the dispersibility of
MWCNTSs compared to HPC alone.

Figure 3 shows the effects of the dispersants on the zeta poten-
tials for MWCNTs in the electroless copper deposition solutions.
All the zeta potentials were negative, and for both MWCNT-L and
MWCNT-S, became more negative with increasing SDS concentra-
tion. In contrast, the zeta potentials for both MWCNT-L and MWCNT-
S were constant at about —30 mV even when the HPC concentration
increased (Fig. 3a). Figure 3b shows the effect of the SDS/HPC ra-
tio on the zeta potential for MWCNTs. The zeta potentials for both
MWCNT-L and MWCNT-S shifted toward a more negative direction
with increasing SDS/HPC ratio. This was likely due to the increase in
the SDS concentration.

In general, the dispersibility of particles in the presence of dis-
persants is dominated by electrostatic and/or steric repulsion. The
electrostatic repulsion effect is related to the zeta potential and is
known as the DLVO theory.*® The steric repulsion effect is related
to the overlap of dispersants adsorbed on each particle. If the change
in the Gibbs free energy (AG) of the overlapping reaction is a pos-
itive value, the overlap is prevented, resulting in a stable dispersed
system. Regarding the dispersibility of MWCNTs with SDS, since
the surface of MWCNTs is hydrophobic, the hydrophobic group of
dodecyl sulfate anions adsorbs on the surface of the MWCNTSs and
the hydrophilic group (sulfate group) of the dodecyl sulfate anions is
arranged outside of the MWCNTSs. Since the sulfate group has a nega-
tive charge, the zeta potential for the MWCNTSs was shifted toward the
negative direction with increasing SDS concentration. Thus the SDS
dispersant stabilizes the dispersed system of MWCNTSs by electro-
static repulsion. HPC is a polymeric surfactant and similarly adsorbs
on the MWCNTs. Since HPC is also a non-ionic surfactant, the zeta
potentials for MWCNTs do not change as much, even if HPC adsorbs
on the MWCNTs. Therefore, HPC stabilizes the dispersed system of
MWCNTs by steric repulsion. In the case of SDS+HPC, both dis-
persants might be adsorbed on the MWCNTs and thereby stabilize
the dispersed system of MWCNTs by both electrostatic and steric re-
pulsion, resulting in the highest dispersibility of both MWCNT-L and
MWCNT-S (SDS:HPC=7:3). It has also been reported that SDS forms
a complex with HPC which behaves as a dispersing agent toward the
suspension by electrostatic and steric repulsion.*’” The dispersion of
MWCNTs with SDS, HPC and SDS+HPC is schematically shown in
Figure 4. The yellow circles show the sulfate groups of the dodecyl
sulfate ions.

The fabrication of Cu/MWCNT composites was conducted
with selected dispersant conditions considering the dispersibility of
the MWCNTSs. Copper deposition occurs by the following redox
reaction:*®

Cu’* + 2CHOCOOH + 40H™ = Cu’ +2C,0;” + 2H,0 + H,
(2]

Dodecyl sulfate ion

¥ HPC

7 o\/ N\ ?{
L & 3» & o
o *g:ﬁ\ ?vo

T pa
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Figure 4. Illustrations of dispersion states of MWCNTs with various types of dispersants. Basically MWCNT-L and MWCNT-S should have the same dispersion

state.
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Figure 5. Surface SEM images of deposits fabricated from electroless copper deposition solutions containing MWCNT-L with various types of surfactants:
(2) 10 gdm~3 SDS, (b) 2 g dm~3 HPC, (c) 1 g dm~3 SDS + 1 g dm~3 HPC, (d) 1.4 g dm—> SDS + 0.6 g dm=> HPC.

This overall reaction, which consists of reduction of copper ions and
oxidation of glyoxylic acid, proceeds catalytically on the surface of the
deposited copper. During this reaction, MWCNTSs adsorb on the de-
posited copper and are incorporated in the copper matrix, resulting in
Cu/MWCNT composites. The surface morphologies of deposits fabri-
cated from the electroless copper deposition solutions with MWCNT-
L and MWCNT-S are shown in Figures 5 and 6, respectively. The
MWCNT concentration in the electroless copper deposition solutions
was 2 g dm~ in all cases.

For the case of SDS (Figure 5a), aggregates of MWCNT-L are
seen on/in the copper matrix. This corresponds to the dispersibility of
MWCNT-L in the solution (Figure 2a). Despite the good dispersibil-
ity of MWCNT-L with HPC (Figure 2b), no MWCNT-L was seen
on/in the deposited copper (Figure 5b). Since the copper deposition
is a catalytic reaction, as described above, the adsorption of a large
amount of HPC on the deposited copper surface might suppress the
catalytic reaction, resulting in reduced copper deposition and conse-
quently no co-deposition of MWCNTSs. Actually, the thickness of the

SN 500 nm
, ), (

Figure 6. Surface SEM images of deposits fabricated from electroless copper deposition solutions containing MWCNT-S with various types of surfactants:
(a) 10 gdm=3 SDS, (b) 2 g dm~3 HPC, (¢) | g dm~3 SDS + 1 g dm~3 HPC, (d) 1.4 g dm~3 SDS + 0.6 g dm—> HPC.
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Table I. Thickness of copper deposits fabricated under various conditions.

Condition Thickness (um)
MWCNTL 2 g dm™ + SDS 10 g dm™3 8.6
MWCNT-L 2 g dm™3 + HPC 2 g dm 3 0.59
MWCNT-L 2 gdm™3 4+ SDS 1 gdm~ + HPC 1 gdm™3 5.7
MWCNT-L 2 g dm™3 + SDS 1.4 g dm—3 + HPC 0.6 g dm 3 7.0
MWCNT-S 2 g dm~3 + SDS 10 g dm~—3 "
MWCNT-S 2 g dm~3 + HPC 2 g dm—3 0.58
MWCNT-S 2 g dm~> + SDS 1 gdm~> 4+ HPC 1 g dm—3 4.5
MWCNT-S 2 g dm™3 + SDS 1.4 g dm™> + HPC 0.6 g dm~> 5.4
MWCNT-L 1 gdm™ + MWCNT-S 1 g dm™ + SDS 10 g dm~> *
MWCNT-L 1 gdm—3 + MWCNT-S 1 gdm—3 + HPC 2 g dm—3 0.47
MWCNT-L 1 g dm=3 + MWCNT-S 1 gdm—3 4 SDS 1 gdm~3 4+ HPC 1 g dm~3 32
MWCNT-L 1 gdm™ + MWCNT-S 1 g dm™ + SDS 1.4 g dm~3 + HPC 0.6 g dm—3 53

* Accurate thickness could not be measured. The deposits were easily peeled from substrates.

copper film was smaller than those of copper films fabricated from
solutions with other types of surfactants (Table I). In contrast, uniform
Cu/MWCNT-L composites were fabricated from the solutions with
SDS+HPC (Figures 5c and 5d). These results are consistent with
the good dispersibility of MWCNT-L in the solutions (Figure 2c).
In contrast, dense aggregates of MWCNT-S are seen on/in the cop-
per matrix (Figure 6a). This is consistent with the lower dispersibil-
ity of MWCNT-S in the solution (Figure 2d). Similar to the case
of MWCNT-L, in spite of good dispersibility of MWCNT-S with
HPC (Figure 2¢), no MWCNT-S was seen on/in the deposited copper
(Figure 6b). The reason for this may be the same as in the case of
MWCNT-L with HPC (Table I). In contrast, uniform Cu/MWCNT-S
composites were fabricated from solution with SDS+HPC. In partic-
ular, the dispersibility of MWCNT-S with SDS:HPC=7:3 is higher
than that with SDS:HPC=1:1. These results are also consistent with
the dispersibility of MWCNT-S in the solutions (Figure 2f).

Figure 7 shows the surface morphologies of CW/MWCNT com-
posites fabricated using electroless copper deposition solutions con-
taining both MWCNT-L and MWCNT-S with different ratios of SDS
and HPC. The concentration of MWCNT-L and MWCNT-S was 1 g

dm~ and the total amount of surfactants was 2 g dm~>. In the case
of SDS:HPC = 1:1, both MWCNTSs were incorporated, however, the
dispersibility of MWCNT-S was rather low. In contrast, in the case of
SDS:HPC=7:3, both MWCNTs were incorporated uniformly. These
results are consistent with the dispersibilities of both MWCNTs in
the solutions (Figure 2¢ and 2f) and the appearance of C/MWCNT-L
(Figures 5c and 5d) and Co/MWCNT-S (Figures 6¢ and 6d).

Figure 8 shows XRD patterns for Cu/MWCNT composite films.
Figures 8a, 8b and 8c show the XRD patterns for C/MWCNT-L (Fig-
ure 5¢), Cu/MWCNT-S (Figure 6¢), and CW/MWCNT-L+MWCNT-S
(Figure 7c), respectively. All of the diffraction peaks could be as-
signed to face-centered-cubic copper. In electroless copper deposi-
tion, cuprous oxide (Cu,0) is often formed in the copper deposit,*
and it degrades the properties of the copper film. However, no Cu,O
was formed in the C//MWCNT composites in the present study. No
diffraction peaks due to the MWCNTSs can be seen owing to their
weak intensity.

Thus, the proposed method is useful for fabricating uniform
Cu/MWCNT composites incorporating different sized MWCNTSs ho-
mogeneously. Furthermore, this method can be applied not only to

Figure 7. Surface SEM images of Cu/MWCNT composites containing different sized MWCNTSs fabricated using copper deposition solutions with different
SDS:HPC ratios: (a) SDS:HPC=1:1, (b) high magnification image of (a), (c) SDS:HPC=7:3, and (d) high magnification image of (c).
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Figure 8. XRD patterns of various Cu/MWCNT composites: (a)

Cu/MWCNT-L composite fabricated from the base copper deposition solution
+1gL7'SDS +1 gL' HPC + 2 g L~! MWCNT-L, (b) Ct/MWCNT-
S composite fabricated from the base copper deposition solution + 1 g L™!
SDS + 1 gL~ HPC + 2 g L~ MWCNT-S, and (c) Cu/MWCNT composite
containing both MWCNT-L and MWCNT-S fabricated from the base copper
deposition solution + 1 g L™! SDS + 1 g L' HPC + 1 g L' MWCNT-L
+ 1 gL~ MWCNT-S.

conductive but also to non-conductive objects. Copper ions in solu-
tion are reduced to copper by accepting electrons from a reducing
agent. This redox reaction occurs catalytically on the deposited cop-
per surface. In contrast, different sized MWCNTs, that is, MWCNT-L
and MWCNT-S, are dispersed homogeneously in the solution and they
adsorb on the deposited copper surface. During the copper deposition
process, the adsorbed MWCNTSs are incorporated independently in
the deposited copper, resulting in C&W/MWCNT composites contain-
ing different sized MWCNTSs homogeneously.

This unique approach has the potential to be applied to the fabri-
cation of uniform Cu/CNT composites containing multiple types of
CNTs such as MWCNTSs and singlewalled carbon nanotubes.

Conclusions

For the fabrication of Cu/MWCNT composites containing dif-
ferent sized MWCNTSs, an electroless copper deposition technique
was applied. An anionic surfantant (SDS) and a polymeric surfactant
(HPC), as well as a combination of the two, were used to disperse
the large-sized and small-sized MWCNTs into the electroless cop-
per deposition solution. Both MWCNTs were well dispersed into
the solution using the combination of SDS and HPC. C/MWCNT
composites containing different sized MWCNTs independently and
homogeneously could be obtained from electroless copper deposi-
tion solutions, in which the different sized MWCNTSs were dispersed
homogeneously.
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