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Abstract

In this work, the cutting of carbon nanotubes is investigated using silver nanoparticles deposited
on arc discharge multi-walled carbon nanotubes. The composite is subsequently heated in air to
fabricate shortened multi-walled nanotubes. Complementary transmission electron microscopy
and spectroscopy techniques shed light on the cutting mechanism. The nanotube cutting is
catalysed by the fundamental mechanism based on the coordination of the silver atoms to the πbonds of carbon nanotubes. As a result of the metal coordination, the strength of the carbon–
carbon bond is reduced, promoting the oxidation of carbon at lower temperature when heated in
air, or lowering the activation energy required for the removal of carbon atoms by electron beam
irradiation, assuring in both cases the cutting of the nanotubes.
S Online supplementary data available from stacks.iop.org/NANO/27/175604/mmedia
Keywords: carbon, nanoparticles, silver, electron beam.
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

transport of reactants and products in and out of the nanotubes
[18, 19]. However, the lack of suitable methods for the controlled growth of short-MWNTs with retained tubular
morphology and graphitic structure has encouraged the
development of a variety of protocols for the cutting of
MWNTs. In this context, chemical oxidation processes in air
are generally associated with low yields [13, 14, 20], whilst
processing in CO2 causes signiﬁcant structural damage with
the stripping of MWNT outer layers [21]. Mechanical methods, such as ball-milling or diamond abrasion, have been
successfully used to cut MWNT, but they create similar
structural damage to the CO2 method, along with substantial
amounts of amorphous carbon that are difﬁcult to separate
from the short-MWNTs [22]. Finally, the combination of
mechanical cutting by ultra-sonication and chemical oxidation
produces a low level of carbon loss and little nanotube

Shortened multi-walled carbon nanotubes (short-MWNTs)
have gained attention in recent years because of their potential
use as components within nanomechanical devices such as
nanobearings [1], nanogears [2], nanoswitches [3], nanorelays
[4], gigahertz oscillators [5, 6] and Brownian nanomotors
[7, 8]. Short-MWNTs may also ﬁnd application within electronic nanodevices [9] such as nanotransistors [10], nanodiodes [11] and current modulators [12]. Short-MWNTs may
be less hazardous than long-MWNTs, recognising that the
toxicity of nanotubes increases as a function of increasing
length, heightening the propensity for an immune response
[13–15]. Furthermore, the internal channels of MWNTs have
been found to be suitable for containing chemical reactions
[16, 17] and the use of short-MWNTs should assist with the
0957-4484/16/175604+08$33.00
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was collected by ﬁltration using a 0.45 μm pore sized polytetraﬂuoroethylene (PTFE) membrane and washed with
ethanol (250 ml) and acetone (250 ml), before ﬁnal drying
under vacuum to yield a black solid (180 mg AgNP).

degradation. However, this method seems to be more time
consuming and applicable to only single walled carbon
nanotubes [23].
It has been shown that alkylthiol-stabilised silver nanoparticles (AgNP) can be used to produce short-MWNTs, with
mean length being controlled by the number of nanoparticles
deposited [24]. However, the fundamentals of the chemical
reaction between AgNP and the carbon of the MWNT shells,
as precursor to the cutting mechanism, are not understood and
require detailed investigation. Accordingly, we report here on
the AgNP-catalysed cutting of MWNTs, in air at elevated
temperature, and in vacuum at room temperature (RT) under
the high-energy electron beam of a transmission electron
microscope (TEM). Comparison of the oxidative cutting of
MWNTs in air, with time-resolved imaging of the cutting
process in situ within the TEM in vacuum, allowed the role of
the Ag catalyst in the cutting process to be identiﬁed
unambiguously.

2.2. Preparation of shortened, open, arc-discharge (AD)
MWNT via oxidative cutting

10 mg of arc-discharge MWNTs (AD-MWNTs; MER Corporation; 2–15 nm inner diameter and 2–15 external walls)
were heated at reﬂux point in a solution of 15 M nitric acid for
5 h. Alkylthiol-stabilised silver nanoparticles were synthesised using a modiﬁed Brust Schiffrin reduction as described
in our previous reports [24]. The suspension was diluted with
water, and collected by vacuum ﬁltration using a 0.2 μm
PTFE membranes. To the resulting black powder was added
to a solution of alkylthiol-stabilised AgNP (10 mg) in cyclohexane (10 ml) and then sonicated for 30 min at RT. The
resulting product was collected by ﬁltration using a 0.2 μm
pore sized PTFE membrane and washed with cyclohexane
(3 ml×50 ml) and acetone (50 ml) before ﬁnal drying under
vacuum to yield a black solid (19 mg). The product was then
placed in an alumina crucible and heated in air either at
550 °C for 14 min or 575 °C for 10 min to yield a black solid
(9 mg and 8 mg respectively). This was then added to nitric
acid (2 M, 18 ml) and the black suspension probe sonicated
(power 130 W; frequency 20 kHz) for 30 min at RT. The
resulting product was then diluted with deionised water
(20 ml), ﬁltered using a 0.45 μm pore sized PTFE membrane,
washed with ethanol (50 ml) and acetone (50 ml) and dried
under vacuum to yield a black solid (5 mg of shortened, open
AD-MWNTs). This product was then placed in an alumina
crucible and heated in air at 300 °C for 10 min to remove any
organic residual solvent within the nanotube channels.

2. Experiment
All reagents were purchased from Sigma-Aldrich, UK and
used without further puriﬁcation. Carbon nanotubes were
purchased from MER Corporation. Thermogravimetric analysis (TGA; TA Instruments SDT Q500) was performed
under an air ﬂow of 90 mL min−1, with heating at a rate of
10 °C min−1 from RT to 1000 °C. TEM was performed at RT
using a Jeol 2100F TEM (information limit 0.19 nm; accelerating voltage 100 or 200 kV). AC-HRTEM acquisitions
were carried out on a CS-corrected FEI Titan 80–300 TEM.
Gatan Digital Micrograph software was used for the appraisal
of carbon nanotube length and Ag nanoparticle diameter.
Energy dispersive x-ray (EDX) analysis was performed using
an Oxford Instruments INCA 560 microanalysis system.
Samples for TEM/EDX were prepared via the drop-drying of
methanolic solutions of nanotubes onto Cu grid mounted
‘lacey’ carbon ﬁlms. Complementary x-ray photoelectron
spectroscopy (XPS) investigations were performed using a
Kratos AXIS ULTRA with monochromated Al Kα radiation
(10 kV anode potential; 15 mA emission current) in ﬁxed
analyser transmission mode (80 eV pass energy). The spectra
were analysed using Casa XPS software. Raman spectroscopy
was conducted using a HoribaJY LabRAM HR spectrometer
with a laser wavelength of 532 nm. Samples were drop-cast
from methanolic solution onto Si(100) wafers and a minimum
of three spectra were recorded from different areas of each
sample.

3. Results
3.1. AgNP oxidative cutting of AD-MWNTs in air at elevated
temperature

AD-MWNTs were treated with concentrated nitric acid to
facilitate the formation of defects on the walls of the MWNTs,
prior to AgNP deposition. The introduction of defects sites
was conﬁrmed by a ∼50% increase in the ID:IG ratio determined by Raman spectroscopy (ﬁgure S1 stacks.iop.org/
NANO/27/175604/mmedia). To ensure effective AgNP
decoration and the cutting of long, defective AD-MWNTs
(5–15 μm in length, ﬁgure S2), a 1:1 AgNP:MWNT mass
ratio was adopted, followed by heat treatment in air either at
550 °C for 14 min or 575 °C for 10 min (the high temperature
process) to produce shortened AD-MWNTs (mean length
450±120 nm and 420±90 nm respectively; ﬁgures 1(a)–
(c) and S2). TGA investigations demonstrated that the presence of AgNP reduced the nanotube oxidation temperature
from 768 °C to 575 °C (ﬁgure S3), conﬁrming the catalytic
role of Ag in the cutting process. After oxidative cutting, the
Ag catalyst was removed effectively by washing with dilute

2.1. Synthesis of alkylthiol-stabilised Ag nanoparticles

Dodecanethiol (0.1 ml) was added to a solution of silver
nitrate (153 mg) in ethanol (30 ml) and the mixture stirred
vigorously for 10 min at RT. A saturated solution of sodium
borohydride in ethanol (60 ml) was added and the resultant
mixture stirred vigorously for 2 h at RT. The product was
precipitated from solution by the further addition of ethanol
(350 ml) before storing at −30 °C for 24 h. The precipitate
2
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Figure 1. TEM images illustrating the stages of the AD-MWNT cutting process in air. (a) Long, closed AD-MWNTs (length 5–15 μm) with a
distribution of AgNP on the nanotube sidewalls; (b) shortened AD-MWNTs, following thermal treatment at 550 °C for 14 min, with some
residual, coarsened AgNP and extensive side-wall defects (top side) due to the oxidation process; (c) shortened AD-MWNTs (mean length:
450±120 nm) following removal of AgNP by washing with dilute nitric acid; accompanied by schematic illustrations of the afforded
nanostructures. Scale bars are 20 nm.

heating in air under the conditions used would not cause the
oxidation of AgNP to form Ag2O, as an intermediate to
provide oxygen for the cutting of MWNTs [25, 26].
Indeed, the XPS survey scan compositional data of
table 1 and detailed Ag 3d5/2 data of ﬁgure 3 showed no
strong evidence for the development of Ag2O, with the presence of just ∼2.5 at% of oxygen at the surface of these ADMWNT–AgNP composite samples being attributable to
oxygen-containing functional groups on the acid cleaned ADMWNTs. Furthermore, no change in the position of the Ag
3d5/2 peak at 368.4 eV, before and after heating, was
observed (ﬁgures 3(b) and (c)). These peaks, exhibiting narrow widths of ∼0.7–0.9 eV, were strongly indicative of the

HNO3, without the creation of any further defects in the
MWNT structure as assessed by Raman spectroscopy. On the
basis of these heat treatment experiments in air, Ag acts
clearly as a catalyst in the oxidative cutting of AD-MWNTs.
According to our HRTEM analysis after the cutting
process at high temperatures, AgNP residing on the terminus
of a cut AD-MWNT indicates the lack of oxygen formation,
as the d spacing may be attributable to the 002 plane of
metallic silver as shown in ﬁgure 2.
XPS was used to investigate these AD-MWNT–AgNP
composites, before and after heating in air, to determine
unambiguously the metal oxidation state and appraise the
detailed chemistry of the cutting mechanism, noting that
3
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Figure 2. Shortened AD-MWNTs following the thermal treatment at 550 °C for 14 min. (a) TEM images showing the nanoparticles residing
on a MWNTs terminus. (b) High resolution TEM images (b) showing lattice planes imaged parallel to the edge of a AgNPs correlating with a
(002) d-spacing value of 0.220 nm (inset: optical diffractogram). Scale bars are 5 in (a) and 2 nm in (b).

Table 1. XPS surface compositional data (at%±0.1%) for AgNPs

3.2. In situ AgNP mediated cutting of AD-MWNTs within a TEM
in vacuum at RT

and AD-MWNT–AgNP samples before and after heating in air at
550 °C. The large C 1s signal in AgNPs, and AD-MWNT–AgNP
before heating, is due to the organic capping layer surrounding the
particle.
Nanostructure

To complement the thermal treatment experiments in air, Agcatalysed transformations of AD-MWNTs were observed
directly on the nm-scale in real-time, in vacuum, at RT, under
the imaging electron beam of a TEM. We have carried out the
in situ cutting at two different e-beam energies 100 keV and
200 keV. According to our time-series imaging, the cutting of
MWNT catalysed by AgNP at 200 keV is two times faster
than at 100 keV (table 2 and ﬁgure 4 below and ﬁgure S4).
Notably, the presence of AgNP promoted the cutting of the
AD-MWNTs at 100 keV, after ∼64 min. Conversely, no
signiﬁcant damage was observed to the MWNT under
reduced energy conditions of 100 keV, where the nanotube
persists without cutting under the imaging electron beam
>240 min. Moreover, additional measurements for AgMWNTs at 80 keV showed no cutting of nanotubes under this
condition. This clearly demonstrated that the nanotube cutting
is driven by the kinetic energy, Ek of fast electrons of the
e-beam, as in the case of chemical etching the cross section of
O2 ionisation would increase with the decreasing energy of
the electron beam [27], which is opposite to what we
observed.
Figure 4 presents a time series of phase contrast TEM
images (100 keV; dose rate 1.64×106 e nm−2 s−1) illustrating the interaction of an AgNP with an AD-MWNT. The
AgNP changes its morphology during the exposure to the
electron beam. The AgNPs loses its capping layer and present
an elongated shape after 5 min. EDX spectra acquired in situ
in the TEM after 5 min of exposure (ﬁgure S5) demonstrated
the loss of sulphur with time, under electron beam conditions
of 100 keV; 1.64×106 e nm−2 s−1 dose rate, consistent with
the removal of the alkylthiol-stabilised capping layers from
the AgNP surfaces, providing direct contact between Ag and
the C atoms of the MWNTs and mediating the formation of
defects. It can also be seen the release of small silver particles

Ag 3d C 1s O 1s S 2p

AgNPs
AD-MWNT–AgNP before heating
AD-MWNT–AgNP after heating

12.3
6.0
1.6

82.5 2.5
89.5 2.4
95.4 2.7

2.8
2.1
0.3

Table 2. Time required to cut MWNT with and without AgNP under
irradiation with 100 keV or 200 keV at 1.64 × 106 e nm−2 S−1

Time taken to cut MWNT/min
Accelerating voltage/keV
100
200

AgNP–MWNT

MWNT

64
31

>240
90

metallic state of AgNPs being retained under the heating
conditions used for the cutting of AD-MWNTs in air. Indeed,
the absence of Ag2O in these composite samples is consistent
also with the decomposition of Ag2O to Ag metal at 280 °C
[25, 26], well below the temperature used for the cutting of
nanotubes in air. Silver oxide might form below 280 °C but it
undergoes carbonisation while heated in air. However, under
our experimental condition no cutting was observed while the
sample was heated at 250 °C in air. Above the temperature of
300 °C (low temperature process) it was possible to cut
nanotubes even though this process was slower than the high
temperature process (in air either at 550 °C for 14 min or
575 °C for 10 min).
4
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Figure 3. High-resolution XPS data for Ag 3d5/2 corresponding to: (a) synthesised AgNP; (b) AD-MWNT–AgNP before heat treatment; and
(c) AD-MWNT–AgNP after heat treatment. (Peaks normalised to background on the lower binding energy side. Spectra were charge
corrected to C 1s at 284.7 eV.) Signal-to-noise in MWNT–AgNP after treatment is lower than the previous two measurements due to the
AgNPs becoming encapsulated in nanotubes.

surrounding the big particle black arrowed in ﬁgure 4. The
AgNP decreases its size while the cutting was occurring. The
fracture was created at the proximity of the particle.
The cutting mechanism is also explored using small
AgNPs of 1−2 nm in diameter released by the big particles
while e-beam irradiation. Figure 5 presents a time series of
phase contrast AC-TEM images (100 keV; dose rate c.a.
1.64×106 e nm−2 s−1) illustrating the interaction of small
AgNP with an AD-MWNT. The dynamics of the cutting of
MWNTs in ﬁgure 5 and video 1 clearly shows the cutting
process catalysed by the silver catalyst. Sidewall defects
emerge at the point of contact of AgNP with MWNTs and
propagate over time leading to pits on the nanotubes. The
exteriors walls of the MWNTs are preferentially damaged in
areas in which silver particles are present. Conversely, no
damages are observed on the exterior walls of MWNTs where
the catalyst is absent.

4. Discussion
4.1. The use of nitric acid

Synthesis by AD methods produces nanotubes that are
superior structurally to those produced by chemical vapour
deposition (CVD) [28]; this is due to the higher temperatures
associated with the AD process facilitating structural rearrangement of carbon atoms in the sidewalls; a process which
does not occur readily at the lower temperatures associated

Figure 4. TEM time series showing AgNP mediated cutting of an

AD-MWNT (100 keV; dose rate 1.64×106 e nm−2 s−1), with
schematic illustrations of the afforded nanostructures inset. The
black arrows indicate the small AgNPs formed spontaneously while
the sample was exposed to the e-beam. Scale bars are 10 nm, time
units are minutes.
5
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Figure 5. AC-TEM time series showing the interaction of silver particles with an AD-MWNT under low energy electron beam irradiation
conditions of 100 keV, for the same dose rate of 1.64×106 e nm−2 s−1. Scale bar is 2 nm.

Figure 6. (a) Schematic representation of AgNPs mediating the oxidative cutting of AD-MWNT in air at elevated temperature and by an

electron beam in vacuum at RT. Schematic representations of the synergistic bonding between: (b) the 5s-orbital of an Ag atom and the π
bonding orbitals of the carbon–carbon double bond; and (c) the 4d-orbitals of Ag and the π* antibonding orbitals of the carbon–carbon
double bond. The arrows indicate the direction of redistribution of electronic density between metal atom and carbon atom of the nanotube,
which acts to weaken the bonding between carbon atoms in the MWNTs, thereby decreasing the activation barrier for oxidative cutting in air
at elevated temperature, or cutting under the imaging electron beam in TEM.

6
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(ﬁgures 1(c) and 4). AgNP are found to be always associated
with the growing defect in MWNTs during the irradiation
with the 100 keV e-beam (ﬁgure 5).

with CVD. In previous studies, we have shown that there is
clear correlation between the concentration of initial nanotube
defect sites and the extent of oxidative cutting as assessed by
Raman spectroscopy, showing that nanotube defects, which
constitute a ‘deviation from the perfect sp2 lattice’, play an
important role in the cutting process [29]. Hence, the use of
nitric acid to prepare the MWNT surfaces are crucial for the
deposition of the particles and creation of defects sites, which
allowed the fabrication of short and open MWNTs.

5. Conclusions
Silver nanoparticles have shown excellent ability to catalyse
the cutting of MWNTs. In both cases Ag remains in metallic
form, interacting with the carbon atoms of the MWNT surface
via the π-bonding, which weakens the interatomic bonding
within the nanotube leading to a decrease of the oxidation
temperature by 155 °C during the heating in air, or promoting
the cutting by the electron beam irradiation. Time series TEM
imaging enabled visualisation of the nanoscale mechanism of
cutting process, revealing that the catalysis by small particles
of Ag can be as effective as by AgNPs. The methods of
nanotube cutting and the mechanisms underpinning them
have shown the possibility to form shortened MWNTs usable
as support, containers and junctions in a wide range of promising nanotechnology applications.

4.2. The mechanism for the AgNP catalysed cutting of ADMWNTs

On the basis of these complementary heat treatment in air
and in situ TEM investigations, the fundamental mechanism
for the AgNP catalysed cutting of AD-MWNTs can now be
clariﬁed (ﬁgure 6).
For the case of AD-MWNT cutting in air at high temperatures, it is considered that the process is mediated by Ag
atoms at the AgNP surface, forming direct contact with C
atoms at the nanotube surface, following loss of the alkylthiol
surfactant during heating. Once the alkylthiol capping layer
was removed (TGA analysis, ﬁgure S6), Ag atoms became
available for π-bonding to C atoms (ﬁgure 6(b)), thereby
reducing the strength of C bonds at the nanotube surface and
facilitating oxidation at lower temperature.
For the case of in situ AD-MWNT cutting in vacuum in
TEM at RT the time resolved imaging experiments in the
TEM demonstrated the presence of AgNPs promoted the
cutting of AD-MWNTs under condition of 100 keV. It is
proposed that the electron beam serves both as an imaging
tool and a source of energy to drive chemical transformations
[27]. The kinetic energy transferred from a high energy
electron to a specimen atom upon collision can completely
eject the atom if the transferred energy is greater than the
activation energy for dissociation of the chemical bonds, in
this case between S and Ag, or between C atoms of the
nanotube, facilitating removal of the alkylthiol-stabilised
capping layer from the AgNP surface, or the formation of
vacancy defects in the MWNTs, respectively.
This result is in agreement with recent TEM studies for
single-walled carbon nanotubes (SWNTs) showing catalysis
of nanotube cutting under the 80 keV e-beam for Ni [30] and
Os [31] nanoparticles embedded within SWNTs. Similar to
Ni and Os, silver atoms appear to be involved in the interactions with the π-system of carbon nanotube which signiﬁcantly reduce the activation barrier for ejection of carbon
atoms by the e-beam thus accelerating the cutting of nanotube. We propose that a similar type of AD-MWNT–AgNP
interaction reduces the stability of carbon–carbon bonds and
facilitates the reaction with oxygen during the heating in air,
which forms a basis for the oxidative cutting of nanotubes.
Regardless of whether defect propagation in the nanotube
ultimately leading to cutting is driven by the reaction of
carbon with oxygen or the knock-on damage of the electron
beam, AgNPs appear to play similar roles of nanoscale catalytic centres in both cases. In both cases of cutting, AgNPs
are located at the site of defects or termini of cut MWNTs
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