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Buildup of Shn@CNT nanorods by in-situ thermal
plasma and the electronic transport behaviors
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ABSTRACT Monocrystal Sn nanorods encapsulated in the
multi-walled carbon nanotubes (Sn@CNT NRs), were fabri-
cated by a facile arc-discharge plasma process, using bulk Sn as
the raw target and methane as the gaseous carbon source. The
typical Sn@CNT NRs are 40-90 nm in diameter and
400-500 nm in length. The CNTs protect the inner Sn na-
norods from oxidation. Temperature dependent I-V curve
and electronic resistance reveal that the dielectric behavior of
Sn@CNT NRs is attributed to the multi-wall CNTs shell and
follows Mott-David variable range hopping [InR(T)T "]
model above the superconducting critical temperature of
3.69 K, with semiconductor-superconductor transition (SST).
Josephson junction of Sn/CNT/Sn layered structure is
responsible for the superconducting behavior of Sn@CNT
NRs.

Keywords: carbon nanotubes, nanocomposite, dielectric, vari-
able range hopping, Josephson junction

INTRODUCTION

Encapsulation of nanostructured metals in graphite layers
can protect the metallic core from oxidation. These car-
bon-coated nanostructures are now attracting more in-
terest, due to their potential applications as functional
materials such as lithium-ion batteries, fuel cell and
electromagnetic wave absorbents [1-3]. The carbon shell
encapsulating metallic core interferes in the electronic
properties of the nanocapsules (NCs) through changing
the ratio of sp’ to sp’ of the carbonaceous species. It is
confirmed that the single-walled carbon nanotubes

(SWCNTSs) or their bundles show the classical transport
properties such as Coulomb blockade, energy quantiza-
tion, Luttinger liquid characteristics and ballistic trans-
port [4,5]. It is usually difficult for the multi-walled
carbon nanotubes (MWCNTSs) to make electrical contact
between neighbor graphite layers because the total con-
ductance is significantly limited by the charge carrier
transport [6]. Variable range hopping (VRH) conduction,
weak localization, resonant tunneling phenomena, uni-
versal conductance fluctuations, or Aharanov-Bohm
oscillations of magnetoresistance, may appear or become
dominant in the electrical transport of MWOCNTs-
containing systems [7,8].

Sn is a typical metal with low melting point, high
electrical conductivity, superconductivity, electrochemical
activity and favorable behaviors. Bulk Sn has a relatively
long coherence length of £(0) (200 nm) [9] at nanoscale.
In the range of the coherence length (0-200 nm), the
superconductive behaviors are expected to be sig-
nificantly altered, for examples, a noticeable change in
superconducting transition temperature (T¢), decreased
penetration depth, an enhancement in zero-field critical
temperature, and finite residual resistance [10,11].
Coexistence of ferromagnetism and superconductivity
was also found in Sn nanoparticles (NPs) with the size in
range of 9-16 nm [12]. One-dimensional (1D) mono-
crystal Sn nanowires show T close to 3.7 K; however
both the electrical transport and the critical field are
greatly size-related [13]. It has been reported that the
superconductivity of carbon-coated Sn@C NCs will be
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destroyed as the size decreases down to 40 nm. However,
it has also been demonstrated for the carbon-coated Sn
nanorods with diameter of 50 nm and length of 200 nm,
the critical magnetic field is almost 25 times higher than
that of bulk Sn [14]. Large electrical current was also
detected for MWCNTs encapsulated Sn nanowire, which
can raise a local heating and in turn suppresses the su-
perconductivity [15].

Electrical conduction in a nanocomposite consisting
of the conductive and the insulative phases is usually
attributed to electrical network and the percolation, in
which the continuous conducting network or tunneling
between isolated conducting particles would be con-
comitant [16]. A finite conductivity is ascribed to the
inter-particles tunneling through the dielectric regime in
the absence of metallic continuum. Kubo and co-workers
[17] revealed that the energy gap between the nearest
neighboring energy level increased rapidly with reducing
the sizes of metal particles, and thus their physical
properties differ from those of bulk metals. If the discrete
gap becomes larger than the thermal energy kT, a pro-
nounced quantum size effect will happen. Meanwhile, the
surface effect plays a prominent role in the conductivity.
For a random mixture of granular superconducting/in-
sulating phases, the grains would be weakly coupled by
Josephson junction separating two superconductors by an
insulating thin film [18], when the charging energy could
not be neglected. The conductivity of such composite
would be driven by a competition between the charging
energy and Josephson energy. Maximum supercurrent I
of Josephson junction is the critical current and can be
easily observed as Josephson energy is far greater than the
charging energy, which would be characteristic of su-
perconductivity for the systems [19].

Up to now, carbon-coated Sn NPs have been fabri-
cated by multifarious strategies, most of which are che-
mically prepared such as by aerosol spray pyrolysis
technique, thermolysis of allyltriphenyltin, chemical va-
por deposition [20-22]. In this work, a facile method of
direct current (DC) arc-discharge plasma process is ap-
plied in the synthesis of CNTs encapsulated mono-
crystalline Sn nanorods (Sn@CNT NRs). It is a
conventional route with merits of in situ preparation,
variable nanostructures, large production yield, non-
pollution and feasibility in operation. The electronic
transport behaviors of Sn@CNT NRs are investigated to
gain an insight into contributions from the carbonaceous
shell and the superconductive Sn core. This preparation
way could result in the high purity of nanocomposites
and the well-defined junctions between Sn@CNT NRs.
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EXPERIMENTAL SECTION

Synthesis

The MWCNTs encapsulated Sn nanorods were prepared
by a conventional arc-discharge plasma method [23]. Raw
target was a bulk metal Sn (99.99% in purity) as the an-
ode, while a carbon rod was used as the cathode. At
10 Pa, the methane gas (0.01 MPa) and argon gas
(0.02 MPa) were filled to the work chamber as the at-
mosphere. The distance between two electrodes was
controlled in range of 3-4 mm. The arc voltage was
maintained at ~20 V, and meanwhile the current was kept
at 90 A. After more than 12 h, the nanopowder products
were then collected from the water-cooled wall of the
work chamber. The nucleation and growth steps for
Sn@CNT NRs were discussed in details in our previous
publication [23].

Characterization

The phases of the as-prepared Sn@CNT NRs were con-
firmed by X-ray diffraction (XRD, PANalytical Empyr-
ean) using Cu Ka radiation (1=1.5416A). Morphologies,
interfaces and crystallographic details were characterized
by scanning transmission electron microscopy (STEM)
(NOVA NanoSEM 450, 300 keV). Raman spectrum was
recorded using the optical source of a laser with excita-
tion wavelength of 632.8 nm. X-ray photoelectron spec-
troscopy (XPS, Thermo Escalab 250Xi) utilizing
monochromatic Al Ka (hv = 1486.6eV) radiation as theta
probe was adopted to analyze the surface species on
Sn@CNT NRs. For electrical resistivity measurement, the
as-prepared Sn@CNT NRs powder was pressed into a
slice under 20 MPa in a steel die, and cut into a size of
10x10 mm”’. This superconducting composite sheet has a
density of 5.93 g cm . The temperature-dependent re-
sistivity of Sn@CNT NRs composite was measured on
physical property measurement system (PPMS, Quantum
Design).

RESULTS AND DISCUSSION

Structure, morphology and surface of Sn@CNT NRs

As shown in Fig. 1, the XRD pattern of the as-prepared
Sn@CNT NRs consists of a tetragonal B-Sn phase (JCPDS
No. 01-086-2265) with the diffraction peaks of (200),
(101) and (211) planes. The mean crystal size of Sn cores
is estimated by Scherer equation: D. = 0.891/(B-cosf),
where D, is the grain size, B is the full width at half
maximum (FWHM) of diffraction peak, 0 is the diffrac-
tion angle, and A is X-ray wavelength (1.5418 A). Ac-
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Figure 1 XRD pattern of the as-prepared powder of Sn@CNT NRs.
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Figure 2 HRTEM images of the as-prepared Sn@CNT NRs.

cordingly, the calculated grain size of Sn core along
<220> crystallographic direction is about 72 nm. There is
no diffraction peaks of CNTs in XRD pattern, ascribed to
the thin thickness of graphite shell, but well been dis-
played in high resolution TEM (HRTEM) pictures (Fig.
2¢, d). No stannic oxides emerge in XRD profile, but have
been observed at the tip region of Sn@CNT NRs (Fig. 2¢)
and detected by XPS (Fig. 3b, c).

As shown in Fig. 2, the Sn@CNT NRs are 1D rod-like
nanostructures with about 40-90 nm in diameter and
400-500 nm in length. The core is composed of a crystal
Sn nanorod, which is completely encapsulated by CNTs.
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At the tip sites of Sn@CNT NRs, the shell presents dual
interfacial configuration consisting of CNTs outer layer
and SnO, inner layer, as shown in Fig. 2b. The detailed
structure further reveals that the inner layer of SnO, is
made of the epitaxially grown oxide along certain lattice
of Sn core and a random stacking of amorphous oxide
(Fig. 2c). Existence of SnO, layer about 5-8 nm in
thickness predicates higher activity of the tip region of
Sn@CNT NRs, which has formed in the passivation
process. CNTs outer shell with 2-3 nm in thickness
consists of 3-4 graphene layers, verified from the inter-
planar spacing of 3.56 A ((0015) lattice planes of graphite)
[23]. Although a substantial distortion of CNTs shell
appears at the tip region, the integrity of CNTs has been
well retained. Monocrystalline Sn nanorod is well ex-
hibited by one lattice image of (220) planes with 2.06 A of
interplanar spacing and the crystal growth direction of
[100], as shown in Fig. 2¢, d. Crystallographic angle be-
tween the growth direction and [220] is 45°. The favor-
able growth direction of 1D Sn@CNT NRs will be decided
mainly by the energy conditions for one anisotropic
crystallite. It is considered that the surface free energy of a
crystallographic plane (hkl) may be expressed as Gy =
Uixnyg, where y; is the chemical potential of the species
and ny is the atom number located on the (hkl) plane
[24]. The crystallographic planes possessing relatively
higher surface free energies are thermodynamically more
unstable and vulnerable to the attack from external
atoms, and thus possess faster growth rates than other
lattice planes with lower surface free energies. In a tet-
ragonal system of B-Sn, the (100) planes have the highest
atom numbers per unit area (0.2695 atoms A °) [25] and
the highest surface free energy. Namely, the Sn@CNT
NRs have a preferential growth along [100] direction for
1D Sn nanorod. In addition, arc-discharge plasma can
greatly affect the structural perfection of CNTs and result
in a relatively large diameter distribution of Sn@CNT
NRs. However, they would have less effect on the pre-
ferential growth direction of monocrystal Sn nanorod.
XPS measurements were carried out to identify che-
mical composition of Sn@CNT NRs. The survey spec-
trum of Fig. 3a indicates 8.86 wt.% of O, 52.50 wt.% of Sn
and 38.64 wt.% of C, respectively. The oxygen is attrib-
uted to the adsorbed ~-OH/O, species in air and the SnO,
inner layer at the tip of Sn@CNT NRs. Fig. 3b-d show the
detailed photoelectron core level spectra of Sn, O and C
elements. The peaks in Fig. 3b correspond to the binding
energies of Sn 3d electrons with valances of 0 (pure Sn,
484.40 eV for 3ds,, 492.86 eV for 3d,, electrons), +2
(SnO, 494.61eV for 3d,, electrons) and +4 (SnO,,
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Figure 3 XPS spectra of the as-prepared powder of Sn@CNT NRs.

486.20 eV for 3ds, electrons). In Fig. 3¢, the feature of
O 1s electrons at binding energies of 530.19 and
531.56 eV are assigned to tin oxides of SnO and SnO,,
well matching to those detected by Sn electrons. The
surface graphitic carbon of Sn@CNT NRs is also con-
firmed by the binding energy of C 1s electrons at 284.72
eV (Fig. 3d), which will be further supported by the Ra-
man signal in the following section.

The carbon shell of Sn@CNT NRs is analyzed by Ra-
man spectrum, as shown in Fig. 4. Two intensive peaks of
D- and G-band are allocated at Raman shifts of about
1,335 and 1,570 cm ', corresponding to A,, and E,, vi-
bration modes of carbon atoms, respectively [26]. G band
usually indicates the original feature of graphite, while D
band suggests a disordered carbonaceous structure [27].
Strong D-peak, normally aroused in the presence of in-
plane substitutional heteroatoms, vacancies, grain
boundaries or other defects, indicates a large amount of
disordered carbon existing in the CNT shell of Sn@CNT
NRs, as observed in the HRTEM image of Fig. 2d. The G-
band is typical for graphite and carbon blacks, originating
from the stretching vibration of any C pairs of sp’ sites
[28]. In the CNT shell, the in-plane correlation length L,
can be expressed by Tuinstra-Koenig equation L,=C,-(Ip/
I;) ',where C, is about 4.4 nm, the ratio of (I/I;) equals
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Figure 4 Raman spectrum of Sn@CNT NRs.

to 0.993 obtained from a Lorentz fitting on Raman
spectrum of Sn@CNT NRs, and thus the corresponding
L, is calculated as 4.43 nm, a little smaller than 4.73 nm of
the correlation length of pure MWCNTSs reported in our
previous work [29]. The smaller value of L, implies that
the CNT shell of Sn@CNT NRs has been greatly influ-
enced by the metallic Sn rod, due to the peculiar co-
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Figure 5 Temperature dependence of electric behaviors of Sn@CNT NRs sheet. (a) Resistivity p vs. T; (b) logarithmic p against T,

evaporation process of arc-discharge plasma by which the
well-developed CNT shell allowed the electrons from Sn
atoms. Additionally, the peak denoted as 2D band at
around 2,666 cm ' is thought to originate from the finite-
size crystals of graphite, which is an overtone of the D
peak in the case of total lack of c-axis order.

Electric transport of Sn@CNT NRs

Dielectric behavior above T,

Fig. 5 displays temperature dependent electric behaviors
of the mechanically compressed Sn@CNT NRs sheet. Fig.
5a distinctly shows that dielectric and superconductivity
are separated at 3.7 K. The dielectric regime contains two
regions of (I) and (II), intergraded at 18.6 K with different
slopes of the fitted lines. The similar behavior to pure
CNTs suggests that the MWCNTs shell of Sn@CNT NRs
dominates the dielectric performance. While the metallic
Sn cores also promote the conductivity of Sn@CNT NRs
sheet, judged by the resistivity ratio p.=pux/pPaoox)
=3.2x10 */2.3x10 *=1.39. The resistivity of Sn@CNT NRs
is between the resistivity of the MWCNTSs (4.5 Q) cm) [30]
and bulk Sn (1.1x10° Q cm) [31], indicating a great
modification on the electric properties of pure CNTs by
the metallic Sn component.

It had been proved that the semiconducting behavior of
CNTs is decided by several factors, e.g., bond ratio of sp
to sp’, m-orbitals in sp’, crystallization degree, structural
perfection and morphology [32]. At a temperature above
the transition point, electronic hopping is recognized as
the main mechanism for CNTs and carbon fibers [31,33],
during which the electrons are strongly confined within
localized states and hop to the nearest neighbor as raising
external temperature. Hopping conductivity happens
when the Coulomb interaction of electrons is negligible
and can be described by Mott-David (MD) VRH model
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[7] : p(T)=poexp(T,/ )", where po is a constant, T, is Mott
characteristic temperature which can be obtained from
Inp(T)~T " plot as drawn in Fig. 5b. It is revealed that a
linear relation of Inp(T)~T ""* covers the whole tempera-
ture range of dielectric regions (I, II), from 300 to 4 K
spanning the transition point of 18.6 K, indicating one
model of MD VRH is available to all dielectric behaviors
of Sn@CNT NRs. For the pure CNTs, its dielectric be-
havior in the region II (below the transition point) is
usually described by Shklovskii-Efros (SE) VRH model,
i.e., Inp(T)~T " law, if a Coulomb gap is not negligible
[33]. It is suggested that the dielectric difference between
Sn@CNT NRs and pure CNTs is attributed to the con-
ductive contribution from the metallic Sn core, that is to
say, the Coulomb gap in the MWCNTSs shell becomes
weak in respect to the case of pure CNTs. Such phe-
nomenon was also found in NbC(C)-C nanocomposites,
in which the metallic NbC nanocrystals play similar
conductive contribution [34]. Coulomb gap Ac=k;T, [35],
the slope of fitted line on resistivity curve as shown in Fig.
5b, was 0.021 meV for present Sn@CNT NRs.
Negligible Coulomb interaction and weak Coulomb gap
are remarkable for Sn@CNT NRs, which are attributed to
the influence from metallic Sn core. Coulomb interac-
tions open a soft Coulomb gap A. at Fermi level through
the charging energy and may result in Coulomb blockade.
As for Sn@CNT NRs, the linear I-V relation at 4 K (as
shown in the inset of Fig. 5b) is the evidence for weak
Coulomb blockade in Sn@CNT NRs. Transition from the
dielectric region I to II (Fig. 5a) essentially reflects an
influence of thermal interference on the resistivity of
Sn@CNT NRs. However, the thermal energy is unable to
significantly influence the hopping conductivity in
Sn@CNT NRs, and thus MD hopping mode is still
compatible below the transition point of 18.6 K. Tun-
neling effect is responsible for the phenomenon, gener-
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Figure 6 Superconducting behavior of Sn@CNT NRs. (a) Logarithmic resistance R vs. temperature curve, the inset is I-V characteristics at tem-
peratures from 2 to 7 K; (b) differential resistance dV/dI as a function of bias voltage at temperatures from 2 to 8 K.

ated through Josephson junction of Sn/CNT/Sn among
the weakly linked Sn@CNT NRs. The coupling energy of
Sn/CNT/Sn junction would favor the tunneling, if it
governs the competition with the Coulomb charging
energy.

Superconductivity of Sn@CNT NRs below T,

The superconductivity of Sn@CNT NRs is illustrated by a
sharp drop of resistivity to the minimum (3.4x10 * Q cm)
(Figs 5a and 6a). The critical temperature T is de-
termined as 3.69 K, which is very close to 3.73 K of bulk
Sn [23]. It has been demonstrated that a single-crystal Sn
superconductor with size less than coherent length has
usually no significant suppression at temperature of su-
perconducting transition. That means the crystalline Sn
nanorod core in Sn@CNT NRs solely determines the
superconducting transition point, while the
conductor-superconductor transition (SST) is ruled by
core-shell structure in Sn@CNT NRs. Such a similar be-
havior was also observed in a graphene-metal hybrid [36]
or a Josephson junction array [37]. For the present
Sn@CNT NRs, Josephson junction of Sn/CNT/Sn layered
structure and the weakly linked nanocapsules are essential
in nanoscale [14].

The SST model for Sn@CNT NRs results from the
competition between the charging energy E. and Josephson
coupling energy E,. The charging energy Ec=¢’/2C, where
C is the inter-grain capacitance. E. is the energy for
accumulation of binding charges and can block a tun-
neling among Sn@CNT NRs. In compressed Sn@CNT
NRs sheet, the contacting interface between two NCs can
be considered as an equivalent plate capacitor consisted
by two electrodes of metallic Sn nanorods and the
dielectric medium of CNT. Its capacitance can be
numerically estimated from equation C=eye, DL/d, where

semi-
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D and L are the average diameter and length of one Sn
nanorod, and d is the thickness of double walls of CNT.
Taking into account &=2.5 (carbon black), D=50 nm,
L=500 nm and d=6 nm, the capacitance is estimated as
C~3.69x10 " F, and thus the charging energy should be
Ec~3.46x10 2], E. can suppress the electron-pair
tunneling through Josephson junction. Josephson
coupling energy E; is temperature dependent and given by
h A A
8¢2 Ig? tanh[zg}
stant, A(T) is the temperature-dependent energy gap of
each superconductor, Ry is the normal state resistivity of
junction. E; is also obtained from E;(T)=(h/4me)l. [39],
where I is the critical current. From the inset of Fig. 6a,
I-V curves illustrate the critical currents (also called
Josephson supercurrent) at different temperatures, i.e.,
Icr4 mA at 3K and [.~24 mA at 2 K. Accordingly,
Josephson coupling energies are calculated as Ej=x2.74
%1077 J at 3 K and 1.64x10"®J at 2 K. By comparison of
E; and E, Josephson coupling energy is larger than the
charging energy by 3-4 orders of magnitude, which can
drive the electron-pair tunneling below Tc. It has been
indicated that if the Josephson coupling dominates over
the charging energy, the system would be transformed to
the superconducting phase [40]. The SST in these
Sn@CNT NRs, as a typical disordered-system, is also
similar to the phase-locking transition due to the perco-
lation phenomena [38,41]. In Fig. 6a, a broad super-
conducting transition tail of about 1.7 K is found and can
be described by the ‘inverse Arrennius’ law: R(T)=R,e"™
[42]. The slope of logarithmic R vs. T curve, 1/T,,
approximately equal to 1/C Ry, where C is a constant and
Ry is the normal state resistance of junction. It means the
transition tail only depends on the normal state resistance
of Sn/CNT/Sn junction, which would be determined by

E(T) = ][38], where h is Planck con-
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the geometrical arrangement of Sn@CNT NRes, i.e., the
density, inter-NC spacing, morphology configuration and
the tunneling percolation network. The superconducting
transition tail of Sn@CNT NRs is quite different from the
cases for 1D Sn nanowires [13], due to the unique CNT-
coated core/shell structure.

In Fig. 6b, the differential resistance dV/dI as a function
of the bias voltage is plotted at temperatures from 2 to
8 K. The distinct peaks at 2 and 3 K, are recognized as the
result from Andreev reflection under a superconducting
state [43,44], in which electrons/holes will be reflected
from the interfaces of junction. The Andreev reflection
and resultant excess conductance originates from the
interfaces in Sn/CNT/Sn junctions of Sn@CNT NRs.
Above T, the relation of dV/dI vs. bias voltage obeys the
normal ohm law and Ry~0.5 ) can be obtained. By using
the largest Ic~24 mA at 2 K, the IcRy product [45,46], a
characteristic junction parameter, is ~12 mV for Sn/CNT/
Sn junction in Sn@CNT NRs.

In general, the electronic transport behavior of
Sn@CNT NRs prepared by arc-discharge plasma here is
characteristic of a transition from electronic hopping
conduction to the electron-pair tunneling at 3.69 K,
which is quite different from the transition of normal
metal to the superconductor [15,21,23]. Above results
supply crucial data for novel superconducting nanos-
tructures, and may serve as the key parts of a phase-based
switching, sensors and electronic devices, combining the
tunable function of semiconductor with the long-range
coherence of superconductor.

CONCLUSIONS

The MWCNTs encapsulated Sn nanorods (Sn@CNT
NRs) were prepared by a DC arc-discharge plasma pro-
cess in methane (CH,) atmosphere. These Sn@CNT NRs
are typical 40-90 nm in diameter and 400-500 nm in
length. The monocrystal Sn rods result from anisotropic
growth along [100] crystallographic direction of B-Sn
lattice. Dielectric behavior of Sn@CNT NRs follows MD
VRH [Inp(T)xT "*] model above the superconducting
transition temperature of 3.69 K, implying that a great
modification was imposed onto MWCNTs shell by the
metallic Sn core and further confirmed with the resistivity
ratio p,(pu /P ) of 1.39. Josephson junction of Sn/
CNT/Sn layered structure is assembled in the compressed
Sn@CNT NRs sheet and is mainly responsible for the
superconducting behavior. Josephson coupling energy is
estimated as 2.74x10 ”J (at 3K), far larger than
3.46x10 *J of the charging energy for Sn@CNT NRs. A
broad tail of superconducting transition is the char-
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acteristic of Sn@CNT NRs, determined by the normal
state resistance Ry of Sn/CNT/Sn junction (calculated as
0.5 Q). The measured critical currents (Josephson su-
percurrent) of Sn@CNT NRs sheet are 4 mA (at 3 K) and
24 mA (at 2 K).
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