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Abstract: Applications of single-walled carbon nanotubes (SWCNTSs) require the nanotube samples
with uniform properties. The filling of SWCNTs is a promising method of tailoring their properties.
Other way to obtain the samples with homogeneous properties is to perform the separation of
filled nanotubes by conductivity type. In this work, we performed the sorting of nickelocene-filled
SWCNTs by density gradient centrifugation to metallic and semiconducting fractions. The ob-
tained samples were characterized by optical absorption spectroscopy, Raman spectroscopy and
X-ray photoelectron spectroscopy. The investigation showed that the samples have homogenous
properties, high quality and high purity. The encapsulated nickelocene has n-doping effect on
metallic and semiconducting SWCNTs. The samples were annealed in vacuum at 360-1200°C to
grow inner tubes inside SWCNTs, and the electronic properties of these samples were investigated.
The annealing of nickelocene-filled SWCNTs leads to decomposition of molecules with the for-
mation of nickel carbides and pure nickel inside double-walled carbon nanotubes (DWCNTs). It
was shown that annealing of nickelocene-filled SWCNTs at 360-600°C leads to n-doping of
SWCNTs, whereas annealing at 800-1200°C results in p-doping of SWCNTs.

Keywords: single-walled carbon nanotube; double-walled carbon nanotube; filling; sorting; elec-
tronic properties; electron acceptor; electron donor

1. Introduction

Single-walled carbon nanotubes (SWCNTSs) attract attention of the research com-
munity thanks to their unique electronic, electrical, optical, mechanical and chemical
properties. Their physical properties are dependent on their atomic structure, and all
synthesized nanotubes contain mixtures of nanotubes with different physical and
chemical properties. To resolve this problem, chemical modification methods were es-
tablished to prepare the samples of nanotubes with homogenous properties. The filling
of SWCNTs is a promising method of modification of their electronic properties [1]. The
filling of SWCNTs allows obtaining the nanotube samples, which are endohedrally
functionalized with appropriate substances with required physical and chemical prop-
erties [2-4]. Such samples can be applied in various fields, where the nanotubes with
tailored properties are required.

Besides chemical modification methods, the approaches for sorting of SWCNTs
were established. For instance, density gradient ultracentrifugation is a technique that
allow separation of the nanotubes by conductivity type and even the chirality [5].

In this work, we combine two methods (filling and sorting), and perform two-step
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procedure to obtain ultra-pure chemically modified SWCNTs. At first step, we perform
the filling of SWCNTSs with nickelocene powder, and at the second step, we perform the
density gradient ultracentrifugation of the filled nanotubes.

2. Experimental

For the filling of SWCNTs, we sealed the 1.67 nm-diameter SWCNTs and
nickelocene powder in the ampoule under high vacuum. We heated half of ampoule at
50°C until all nickelocene was evaporated and then flip the ampoule to let other half of
ampoule to be heated. We performed this procedure for 5-10 times during 5 days. The
filled SWCNTs underwent the separation procedure, as described in Ref. [6]. As a result,
the samples of nickelocene-filled semiconducting and metallic SWCNTs were obtained.
The filled and separated SWCNTs were annealed at temperatures of 360-1200°C for 2 hin
high vacuum.

The samples were investigated by optical absorption spectroscopy, Raman spec-
troscopy and X-ray photoelectron spectroscopy (XPS). Optical absorption spectra were
recorded at UV-3600 Shimazu Co. spectrometer. Raman spectra were recorded at Horiba
Jobin Yvon LABRAM HR800 spectrometer. The XPS spectra were recorded at VG Scienta
XPS spectrometer.

3. Results and Discussion

The optical absorption spectroscopy confirms the purity of the samples of semi-
conducting and metallic filled SWCNTs. The spectra contain the peaks of corresponding
nanotube fractions, and testify to ~99% purity.

The Ni 2p XPS spectra of the separated filled SWCNTs include the peaks of nickel.
The annealing of the filled SWCNTs leads to decrease in the intensity of the peaks of
nickel. This corresponds to the evaporation of nickel from the sample. The sample an-
nealed at 1200°C does not contain any nickel. The C 1s spectra of the filled semicon-
ducting and metallic SWCNTs is shifted to higher binding energies upon annealing at
temperatures of 360-600°C. This testifies that nickel carbides and pure nickel that are
formed as a result of decomposition of nickelocene act as electron donors. The annealing
of the separated filled SWCNTSs at temperatures of 800-1200°C leads to downshift of the
C 1s XPS peak. This means that the evaporation of nickel carbides and nickel as well as
the formation of double-walled carbon nanotubes (DWCNTs) leads to p-doping of
SWCNTs. Thus, there are three overlapping processes that influence the electronic
properties of SWCNTs: (i) decomposition of nickelocene to nickel carbides and pure
nickel, (ii) evaporation of nickel carbides and pure nickel, (iii) growth of DWCNTs. As a
result, the annealing of the separated filled SWCNTs at 360-600°C results in n-doping of
SWCNTs, and the annealing of the samples at 800-1200°C leads to p-doping of SWCNTs.

4. Conclusions

The separation of filled SWCNTs by density gradient ultracentrifugation to semi-
conducting and metallic fractions allowed obtaining ultra-pure nanotube samples, which
allowed in-depth investigation of their electronic properties. The processes of decompo-
sition of nickelocene, evaporation of nickel as well as the growth of DWCNTSs were dis-
entangled. It was shown that the annealing of highly pure filled SWCNTs at 360-600°C
leads to n-doping of SWCNTs, and the annealing of the samples at 800-1200°C results in
p-doping of SWCNTs. This process can be performed at an industrial scale and, thus,
allow tailoring the properties of SWCNTs for demanded applications.
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