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The interface bonding strength between carbon nanotubes (CNTs) and the metal matrix in CNT/metal
composites can be increased by depositing metal particles onto the CNT surface. However, theoretical
calculations have revealed that metals having an affinity with CNTs formed bonds between the metal
and carbon atoms, such that the tensile strength of the CNTs was decreased. Here, we investigated the
influence of supported PtPd nanoparticles on the tensile strength of individual multi-walled CNTs
(MWCNTS) in situ by scanning electron microscopy. The obtained results revealed that the average
tensile strength of individual MWCNTs with deposited PtPd nanoparticles was slightly lower than that of

the as-grown MWCNTSs. Since X-ray photoelectron and Raman scattering spectroscopic data showed
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1 Introduction

Light and strong carbon nanotubes (CNTs) are promising
candidates for use as a filler in CNT/metal composites. To
fabricate durable CNT/metal composites, the interfacial
strength between the CNTs and the matrix in the designed
composites must be high enough to endure the load transfer
between these two components. Recently, the displacement
characteristics of single-walled CNTs (SWCNTs)/Cu composites
were investigated using a small punch creep tester to evaluate
the interfacial strength between the nanotubes and copper.” In
the report, the nickel-coated SWCNT reinforced-copper-matrix
composites exhibited a longer rupture time than that of pure
Cu or SWCNT/Cu composites. The enhanced strengthening
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induced by Ni-coated nanotube reinforcements was due to the
high load transfer efficiency on account of the improved inter-
facial strength between the nickel-coated SWCNTs and the Cu
matrix." Meanwhile, using molecular dynamics (MD) simula-
tions, Inoue et al. reported that the breaking stress for Ni-coated
SWCNTs was lower than that for uncoated SWCNTs; the Ni
atoms had a tendency to react with C atoms to produce Ni-C
bonds, which induced local distortions in the nanotube struc-
ture.” Furthermore, Song et al. performed MD simulations to
show a decrease in the tensile strength and Young's modulus of
the SWCNTSs after Ni coating because of the strong interactions
of the Ni atoms with C atoms, which ultimately changed the
CNT cross-section area.®* As found with Ni, the affinity and
covalent interaction properties of metal species of Ti,* Fe,**
Pd,*” and Pt*” deposited onto the surface of CNTs have been
studied both computationally and experimentally. If the theo-
retical calculations are valid, the use of these metals to
strengthen the interface between CNTs and the matrices has the
potential to induce low mechanical strength of individual CNTs.
To date, there have been no experimental reports on the influ-
ence of supported metals on the tensile strength of individual
CNTs. Therefore, it is of utmost importance to gain this infor-
mation experimentally if progress is to be made in the field of
composites. Here, we investigated the interaction between
metals and the CNT by measuring the tensile strength of metal
nanoparticle-supported CNTs. The interfacial state between the
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metals and CNTs is quite important in this study. Thus, a dry
process method was selected to support the metals to the CNTs.
Because neither solvents nor surfactants are required to
generate the metal particles using this method, a clean metal-
CNT interface can be obtained. Further, because oxidation
occurs easily on the surface of transition metal nanoparticles
like Ni, such metal species are unsuitable for the purpose of this
study, whose focus is the interfacial formation between metal
oxides and CNTs. Accordingly, platinum was chosen because it
possesses good oxidation-resistant properties. Generally, the
distribution size of Pt particles formed by sputtering is broad.
However, it is known that Pt-enriched PtPd nanoparticles with
homogeneous size distribution are formed by co-evaporation
with palladium. For this reason, Pt-enriched PtPd nano-
particles were supported onto multi-walled CNTs (MWCNTSs) in
the present paper by sputtering a Pt/Pd target, and the resultant
influence of the supported PtPd nanoparticles on the tensile
strength of individual MWCNTSs was reported.

2 Experimental

Vertically aligned MWCNTs (VAMWCNTS) synthesized by
chemical vapor deposition were used in the present study (see
the ESIT).® A Cu grid (F-400 mesh, Nisshin EM Co., Ltd., Japan)
used for transmission electron microscopy observation was cut
in half and then pressed onto a forest of VAMWCNTS to transfer
a fraction of an individual MWCNT onto the grid surface.
Subsequently, the grid was placed in a vacuum chamber, after
which nanoparticle deposition was performed. We selected
non-oxidizing PtPd nanoparticles, given that nanoparticles of
transition metals such as Fe and Ni are easily oxidized to metal
oxides. PtPd nanoparticles were deposited using a magnetron
sputtering system (MSP-1S, Vacuum Device, Japan) and a Pt/Pd
(80/20) target (the co-evaporation of Pt and Pd species was
performed to prevent the excessive growth of Pt nanoparticles).®
Tensile testing was conducted inside the vacuum chamber of
a scanning electron microscope (SEM) (S-4100, Hitachi, Japan)
equipped with a nanomanipulator.’ The cantilever of an
atomic force microscope (AFM) (Chip CSC38, MikroMash, USA)
was mounted on a piezoelectric bender on the X-Y linear
motion stage, while a Cu grid attached to the specimen (indi-
vidual MWCNT or PtPd-MWCNT) was mounted on the opposite
Z-linear-motion stage. The AFM cantilever was used as a force-
sensing element and force constants were obtained for each
studied specimen in situ prior to tensile testing using a reso-
nance method." Prior to the test, one end of a specimen was
first fixed on the Cu grid via the electron-beam-induced depo-
sition (EBID) of a carbonaceous material, and then the other
end of the specimen was attached to the AFM cantilever and
also mounted by the EBID of a carbonaceous material. The
applied force was calculated from the angle of deflection
measured from the cantilever tip. Ten tensile loading and
fracturing experiments were performed for each type of indi-
vidual MWCNT specimen. In order to estimate the tensile
strength of each specimen, fractured cross-sectional areas were
obtained for each broken specimen via a transmission electron
microscope (TEM) (HF-2000, Hitachi, Japan). The details of the
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mechanical evaluation procedure can be found elsewhere." The
elemental compositions of the deposited nanoparticles were
estimated using a scanning transmission electron microscope
(STEM) (HD-2700, Hitachi, Japan) equipped with an energy
dispersive X-ray spectroscopy module (Apollo XLT, EDAX, USA).
X-ray photoelectron spectroscopy (XPS) was performed using
a K-Alpha+ system (Thermo Fisher Scientific Inc., USA) with
a monochromatic Al Ka X-ray source to analyze the elemental
carbon compositions of the PtPd-supported MWCNTs. Raman
scattering spectroscopy (Jobin-Yvon T64000, Horiba Co. Ltd.,
Japan) was used to analyze the vibrational modes of the
graphitic materials. These measurements were performed at
room temperature using a diode-pumped soild-state laser
(Cobolt Blues™, Cobolt, Sweden) with excitation wavelength of
473.0 nm. The coverage of the PtPd nanoparticles on the
nanotube surface was roughly calculated from the areas of both
the MWCNTs and PtPd nanoparticles using TEM images of the
PtPd-supported MWCNTSs (see ESI, Fig. S1+).

3 Results and discussion

The average inner and outer diameters of as-grown MWCNTs
were 4.3 £+ 1.1 and 9.2 £+ 1.3 nm, respectively (Fig. S21). The
morphology of the nanotubes was such that they were not
tangled but rather were almost straight (Fig. S3af), with flex-
ures, interlaminar disorders, and surface defects in the nano-
tube framework (Fig. S3b¥). The element composition of the as-
grown MWCNTs with defective sites was determined to be C : O
= 99.0 : 1.0 (atom%) through STEM-EDX analysis. Since pris-
tine vacancies with dangling bonds are highly reactive, the
oxygen-containing groups are considered to be functionalized
at the defective sites of the nanotubes.” Fig. 1a and b display the
bright field (BF)- and high-angle annular dark field (HAADF)-
STEM images of the MWCNTs with supported PtPd nano-
particles, indicating that they have not completely covered the
nanotube surface. The coverage of the PtPd nanoparticles on
the nanotube surface was within a range of 2.1-17.4%. They can
be considered single-crystal alloys** or imperfect ones (Fig. 1c).
The average size of the PtPd nanoparticles was 1.7 + 0.4 nm
(Fig. 1d), while their elemental composition could be described
by the atomic ratio Pt: Pd = 81.2:18.8 (see the elemental
mapping images depicted in Fig. S4t). The corresponding
MWCNT samples are subsequently denoted in this study as
“PtPd-MWCNTs”.

A typical tensile testing procedure for PtPd-MWCNTSs is
illustrated in Fig. 2. After fracture, the nanotube tip, which was
in contact with the Cu grid, assumed the shape of a sword
(Fig. 2d). Fig. 2e is a TEM image of a fractured MWCNT in
contact with the Cu grid. The arrow indicates the fracture point.
PtPd nanoparticles were observed on the nanotube surface
along with only the left side of the fracture point, indicating
a sword-sheath-type fracture. Whereas the gauge length of the
specimen was 1.48 pm (Fig. 2b), the distance from the fracture
point to the clamped end was 1.30 um (Fig. 2d), while the length
of the sword nanotube was 0.56 um (Fig. 2d).

This result indicates that the fracture was not a clean
outermost layer break but one through all the layers. Thus,
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Fig. 1 (a) BF-STEM and (b) HAADF-STEM images of PtPd-supported MWCNTSs. (c) High-magnification image of PtPd nanoparticles on
MWCNTSs. (d) Histogram of PtPd nanoparticles supported on MWCNTSs.

during all tensile tests, the MWCNT fracture was observed not their influence was ignored during the tensile test in SEM
for the outermost layers but for all the layers with a sword- because their tensile strengths were very low.*® Fig. 3 shows the
sheath shape, as shown in Fig. 2. Here, although the amor- bar graphs of the tensile strengths measured for the obtained
phous carbons were deposited on the MWCNT (see Fig. 2e), MWCNTs with and without PtPd nanoparticles. The average
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Fig. 2 Typical fracture process observed for PtPd—MWCNT by SEM during tensile testing. (a) Individual MWCNT attached to the Cu grid. (b)
Individual MWCNT attached between the cantilever and Cu grid. Fractured MWCNTSs on (c) cantilever and (d) Cu grid sides. (e) TEM image of
a fractured MWCNT in contact with the Cu grid.
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Fig. 4 Tensile strength of PtPd-MWCNTs as a function of PtPd
nanoparticle coverage.

tensile strength of the PtPd-MWCNTs (3.00 + 1.26 GPa) was
slightly lower than that of the as-grown MWCNTs (3.92 +
1.57 GPa; see Table S1f). The tensile strength of the PtPd-
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MWCNTSs with commensurate coverage is different (Fig. 4), and
there is no correlation with the tensile strength of the MWCNTs
for the coverage of the supported PtPd nanoparticles.

Fig. 5 shows the C;5 XPS spectra of the as-grown MWCNTs
and PtPd-MWCNTs. As seen, PtPd deposition causes an
increase in the asymmetry of the C;¢ peak. It is suggested that
this increase in the asymmetry is due to the larger density of
states (DOS) in PtPd-MWCNT systems.” Especially, the intensity
around 282.7 eV, as indicated by the arrow in Fig. 5a, increases
slightly as a result of the PtPd deposition (Fig. 5b). Since the
binding energy of the C,;4 XPS signals around 283 eV is derived
from the covalent bond between the platinum and carbon
atoms,* the PtPd-MWCNT may have a covalent bond between
the Pt (or Pd) atoms and the MWCNT surface. In addition, the R
value, which is the ratio of the Raman scattering intensity of the
D-band to that of the G-band for carbon materials, of the PtPd-
MWCNTs has an average value of 0.52 (+0.03), which was
slightly larger than that of as-grown MWCNTSs (0.45 (£0.03)).
The increase in the nanotube framework disorder indicates the
existence of covalent bonds between the Pt (or Pd) atoms and
the carbon atoms of the nanotube frame, which is in agreement
with the results of the XPS analysis. Theoretically, density
functional theory (DFT) simulations showed that the SWCNTSs
with a chirality of (8,0), which were attached to the Pt (111) or Pd
(111) lattice plane, could directly form covalent bonds,*® causing
sp>-to-sp’ transitions in metal-adjacent C atoms and thus
deforming the SWCNT cross-section. In addition, clusters of
thirteen Pt or Pd atoms strongly chemisorbed onto the CNT
surface during the DFT calculations.'* Meanwhile, it was
previously reported that physically evaporated Pt or Pd nano-
particle nuclei grew at defective sites with attached oxygen-
containing functional groups without the formation of cova-
lent bonds.” Furthermore, neither Pt nor Pd atoms exhibited
strong oxygen interactions or surface oxygen scavenging
behavior. This result is in contrast to the behavior of Rh** and
Cu'® nanoparticles, which scavenged O atoms from the
oxygenated vacancy sites. Considering the results of these
calculations and the results of this study, the C atoms of the
basal plane formed sp® bonds with the attached PtPd
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(a) Cys XPS spectra of as-grown MWCNTSs (black dotted line) and PtPd—MWCNTs (red line). The binding energy indicated by the arrow is
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Fig. 6 Schematic illustrations of the interactions between the
MWCNTSs and (a) PtPd and (b) Al,O3z nanoparticles.

nanoparticle aggregates, which induced the deformation of the
nanotube cross-section and produced weak points under
tension. Thus, the tensile strength of PtPd-MWCNTs was
slightly lower than that of the as-grown MWCNTs (Fig. 6a).
Assuming this consideration to be reasonable, MWCNTs with
a number of supported PtPd nanoparticles will have a much
weaker tensile strength. However, as shown in Fig. 4, the tensile
strength of the MWCNTs has no correlation to the coverage of
the supported PtPd nanoparticles. As the (8,0)-SWCNTs could
form covalent bonds to the Pt (111) or Pd (111) lattice plane,®
specific crystal planes and/or disordered planes of PtPd nano-
particles may affect the MWCNT tensile strength.

In our previous report, we described our investigation of the
effect of supported amorphous Al,0; nanoparticles on the
tensile strength of individual MWCNTs." Fig. 7 depicts the
relative tensile strength of nanoparticle-supported MWCNTSs
normalized by the average tensile strength of the as-grown
MWCNTs used as a reference in each experiment. It was
found that the average tensile strength of amorphous Al,O;
nanoparticle-supported MWCNTs (amoAl,0;-MWCNTs) was
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Fig. 7 Relative tensile strength of nanoparticle-supported MWCNTs
normalized by average tensile strength of as-grown MWCNTSs used as
a reference in each experiment.
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slightly higher than that of the as-grown MWCNTs. We believe
that this slight increase in tensile strength is the result of the
relationship between the amorphous Al,O; nanoparticles and
oxygenated vacancy defects, and not the nanotube basal plane
(Fig. 6b). This scenario is described in detail in our previous
report. A series of studies of the influence of the supported
nanomaterials such as metals and metal oxides on the tensile
strength of individual MWCNTs revealed that supported mate-
rials could interact with the carbon atoms of the nanotube
framework and oxygenated vacancies, which affects the CNT
tensile strength. In the future, material designs involving the
selection of supported materials for high-performance CNT
composites will become more important in an effort to improve
both the mechanical strength of CNTs themselves and the
interfacial strength between the CNTs and matrix.

4 Conclusion

In summary, PtPd nanoparticles were supported onto the
surface of CVD-synthesized MWCNTSs, and the tensile proper-
ties of the resulting PtPd-supported MWCNTs were investi-
gated. The average tensile strength of PtPd-supported MWCNTs
was slightly lower than that of the as-grown MWCNTs. The
minimal changes in the tensile strength of individual MWCNTSs
observed after deposition of the PtPd nanoparticles can be
attributed to the induction of local distortions caused by the
sp>-to-sp® transition of the CNT carbon atoms adjacent to the
metals in the nanotube structure with a PtPd surface.
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