7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Efficient fabrication of single-wall carbon
nanotube nanoreactors by defect-induced
cuttingf

{ '.) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 3931

*a,C

Xue Zheng,*° Zichu Zhang,1*< Gang Zhou,® Mengke Zou,? Feng Zhang,
Peng-Xiang Hou,®¢ Chao Shi,? Hui-Ming Cheng, 2 #¢ Mingguang Wang*® and
Chang Liu (& **<

Single-wall carbon nanotubes (SWCNTSs) with ultra-thin channels are considered promising nanoreactors
for confined catalysis, chemical reactions, and drug delivery. The fabrication of SWCNT nanoreactors by
cutting usually suffers from low efficiency and poor controllability. Here we develop a defect-induced gas
etching method to efficiently cut SWCNTs and to obtain nanoreactors with ultrasmall confined space. H,
plasma treatment was performed to generate defects in the walls of SWCNTs, then H,O vapor was used
as a "knife” to cut SWCNTs at the defect sites, and short cut-SWCNTs with an average length of 175 nm

Received 30th November 2022, were controllably obtained with a high yield of 75% under optimized conditions. WO;@SWCNT derivatives
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with different morphologies were synthesized using short cut-SWCNTSs as nanoreactors. The radiation re-
sistance of WOs@SWCNT hybrids improved obviously, thus providing a platform for the synthesis of novel
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1. Introduction

Owing to their excellent physical and chemical properties,
carbon nanotubes (CNTs) are considered very promising for
use in nanoelectronic devices,"* drug delivery,>® confined
catalysis,”® and nanomedicine.”™"" In particular, single-wall
carbon nanotubes (SWCNTs) with ultra-thin hollow channels
(0.4-2.0 nm) can be used as ideal nanoreactors with ultrasmall
confined space.'>™® However, end-capped CNTs usually have
lengths ranging from tens to hundreds of microns, which
limits their use as nanoreactors due to the difficulty in filling
them with substances. Therefore, great efforts have been
devoted to obtaining short-cut CNTs with open ends."**°
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SWCNT-based derivatives with fascinating properties.

Physical cutting and chemical oxidation techniques have
been developed to cut CNTs to a length of several hundred
nanometers. Physical cutting methods break the walls of CNTs
by introducing external forces and energy, such as ball
milling,**** photolithography,®* vortex fluidic devices with a
pulsed laser,* ultra-microtome,>® ultra-sonication,?” and elec-
tron beam irradiation.”®*° Among them, ball milling and
ultra-sonication can produce short CNTs on a large scale.
However, applying brute force to CNTs for a long time leads to
excessive defects, thereby degrading their inherent physio-
chemical properties. On the other hand, ultra-microtome and
electron beam irradiation suffer from low efficiency and time-
consuming.

Another approach is chemical oxidation, where CNTs are
shortened by the breakage of C-C bonds when they react with
strongly oxidative chemicals. Typical oxidants include mixtures
of H,SO4/HNO;,***' H,0,,**> ammonium persulfate,®® F,,**
0,,°>7 0;,°*2° and piranha.*® This method has the advantage
of being able to prepare ultrashort CNTs on a large scale.
However, the CNTs are cut short by strong oxidants at the
expense of sidewall damage and mass loss. In addition, most
of these oxidation reactions are too violent to precisely control
the length of the cut CNTs. Zhang et al. proposed a two-step
electrochemical method to cut CNTs and found that the for-
mation of defects in the first step plays a key role in controlling
the length.*!

Furthermore, most of the reported methods were applied to
cut multi-wall CNTs, and it is more difficult to controllably cut
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SWCNTs with much thinner channels. Li et al. introduced
organic functional groups on the walls of SWCNTs to create
cutting sites and “snip” SWCNTs by H,0, oxidation. As a
result, cut-SWCNTs (c-SWCNTs) with a narrow length distri-
bution of 38 + 18 nm were obtained. However, the yield of the
c-SWCNTs is low, and organic residues may degrade their per-
formance.** Recently, Tian et al. developed a continuous gas-
phase cutting method by adding a second reactor in the float-
ing catalyst chemical vapor deposition (CVD) system.”® CO,
was used as a “blade” to cut SWCNTs and obtain ultrashort
c-SWCNTs on the substrate. However, the controllability and
efficiency still need to be improved for scale-up applications.

Here, we report an efficient method for the fabrication of
short-cut and open SWCNT nanoreactors. Defects are first gen-
erated on the walls of SWCNTs by a mild H, plasma treatment.
The SWCNTs are then cut by a kinetically controlled H,O
vapor etching reaction preferentially at the defect sites, which
could be tuned by varying the reaction temperature and H,O
concentration. Uniform, high-quality c-SWCNTs with an
average length of 175 nm were obtained with a high yield of
75%. The average volume of the c-SWCNTs can be as small as
0.4 x 10~° pm®. Isolated short SWCNTSs are promising candi-
dates for directly fabricating high-performance electronics,
sensors, and nanoreactors. WO;@SWCNT hybrids with
different morphologies were prepared by using the short
¢-SWCNTs as nanoreactors. The WO;@SWCNTs showed excel-
lent radiation resistance ability at an acceleration voltage of
300 kV. Our results pave the way for the controllable and
efficient cutting of SWCNTSs for use as nanoreactors.

2. Materials and methods
2.1 Dispersion of SWCNTs

A mixture of 4.5 mg of surfactant (poly(3-dodecylthiophen-2,5-
diyl)) and 3 mg of SWCNTs was dissolved in 15 ml of toluene
and then dispersed by tip sonication at 200 W for 30 min. The
solution was heated to 60 °C in an oil bath while placing a
silicon substrate to load the dispersed SWCNTs. The silicon
substrate with the dispersed SWCNTs was dried for 5 min and
then placed in the center of a quartz tube reactor. Ar was intro-
duced into the tube reactor after being fully vacuumed. The
sample was heated to 1000 °C at a rate of 20 °C min™" and
held for 40 min to remove the residual surfactant on the
surface of the SWCNTSs.

2.2 Plasma treatment of SWCNTs

Hydrogen plasma (SPC 150, DN 63 ISO-K, vacuum, 3 Pa) treat-
ment was performed to generate defects on the walls of
SWCNTs. The treatment time were in the range of 30-120 s,
and the plasma power applied was in the range of 5-20 W.

2.3 Cutting of SWCNTs

The reactor was heated to 750-780 °C at a heating rate of 20 °C
min~". A 100 sccm Ar flow and an 18-36 sccm Ar flow through
a water bubbler (0 °C) were introduced to carry the H,O

3932 | Nanoscale, 2023, 15, 3931-3939

View Article Online

Nanoscale

etchant into the reactor for 5 min. Afterward, the c-SWCNTs
were cooled down to ambient temperature under the protec-
tion of Ar.

2.4 Filling of SWCNTs

The ¢-SWCNTs were heated at 900 °C for 30 min under an Ar
flow. Then, the SWCNTs were sealed in a vacuumed glass tube
and heated to 450 °C at a rate of 20 °C min~" for 10 h to
remove the residual carbon fragments. Subsequently, the
SWCNTs were sealed in a vacuumed glass tube together with
the precursor of fillers (CoH;,W(CO);) at 10~ Pa and thermally
treated at 180-450 °C for 24 h. After that, the sample was oxi-
dized in air at 150 °C and washed with 0.25 M HF several
times to remove the residues dispersed on the surface of the
SWCNTs.

2.5 Characterization of the cut and filled SWCNTs

The areal density and length of SWCNTs were characterized
using scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), and atomic force microscopy (AFM).
For SEM (FEI Verios G4 UC, operated at 1 kV) characterization,
SWCNTs were deposited on a Si/SiO, substrate for observation.
AFM (Bruker Multimode 8-HR, tapping mode) and TEM (FEI
Tecnai F20, 200 kV) were used to observe and measure the
length of c-SWCNTs. To visualize the morphology of the filled
SWCNTs, the samples were dispersed in alcohol and dropped
onto a TEM grid for characterization. TEM (Titan Cubed
Themis G2300, 300 kV acceleration voltage) was used to evalu-
ate the electron radiation resistance ability.

3. Results and discussion
3.1 Fabrication of short-cut SWCNT nanoreactors

It is very important and challenging to fabricate SWCNT
nanoreactors with uniform diameters and lengths. We devel-
oped a defect-induced cutting method for the controllable and
efficient preparation of c-SWCNTSs, as shown in Fig. 1. Defects
are generated on the walls of SWCNTs through H, plasma
treatment (Fig. 1a and b). A kinetically controlled gas etching
reaction was subsequently performed to cut the SWCNTSs pre-
ferentially at defect sites (Fig. 1b and c). Furthermore, the
defect density can be tuned by varying the plasma power and
processing time. Improving the yield of ¢-SWCNTs (cutting
efficiency) is another tough task. H,O vapor with appropriate
chemical reactivity was selected as a mild etchant to react with
SWCNTs at defect sites and acts as a gentle “knife” to cut the
SWCNTs into segments. Since the reaction is kinetically con-
trolled, c-SWCNT nanoreactors (Fig. 1d) with different lengths
can be obtained by changing the reaction temperature and
H,O vapor concentration. There is a balance between the
length and yield of c-SWCNTs, which mainly depends on the
etching reaction conditions. Uniform ¢-SWCNT nanoreactors
would be fabricated efficiently by optimizing the conditions of
plasma treatment and the H,O etching reaction.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic illustration of the fabrication of SWCNT nanoreactors. (a and b) Generation of defects on the walls of SWCNTSs by H, plasma treat-
ment. (b and c) Cutting of SWCNTSs into segments at the defect sites by H,O etching. (c and d) Filling of the c-SWCNT nanoreactors with foreign

substances.

The morphologies of the initial SWCNTs and c-SWCNTs
were characterized using AFM, SEM, and TEM. As shown in
the AFM images (Fig. 2a and b), the original SWCNTs are ran-
domly dispersed on the substrate. SEM and TEM observations
show that (Fig. S1a and b¥) high-density SWCNT networks are
formed, and most tubes are isolated. Bundled SWCNTs were
dispersed on the substrate so that the tube walls can be fully
exposed and accessed by the etchant. Furthermore, the dis-
persed SWCNTs have clean and straight walls before cutting,
which indicates their high quality. The mean length of the
initial SWCNTs is determined to be 1.4 pm by measuring 200

tubes using AFM (Fig. 2c). After cutting, the resulting
¢-SWCNTs are much shorter (Fig. 2b, Fig. S1bf) in length.
Most adjacent short tubes have the same orientation, indicat-
ing that one original long tube has been cut into several seg-
ments. Based on AFM characterization, the length distribution
of the ¢-SWCNTs is shown in Fig. 2d, where most SWCNTs
have lengths in the range of 50-300 nm, and the average
length is calculated to be 175 nm under the optimized con-
ditions. In addition, we tried to assess the yield by measuring
the length and the area density before and after cutting. The
yield is calculated to be 75% (for details see the ESI{) when
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Fig. 2 Morphologies of the original SWCNTs and c-SWCNTs. AFM images of the (a) initial SWCNTs and (b) c-SWCNTs. Length distributions of the

(c) original and (d) c-SWCNTs measured by AFM.

This journal is © The Royal Society of Chemistry 2023

Nanoscale, 2023,15, 3931-3939 | 3933


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2NR06696C

Open Access Article. Published on 19 January 2023. Downloaded on 11/8/2024 7:31:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the average length of the c-SWCNTs is 175 nm, which is higher
than most published results.>>*> However, some long SWCNTs
are also observed, which can be attributed to the presence of
SWCNT bundles. Furthermore, due to the resolution limitation
of AFM characterization, some ultrashort c-SWCNTs were not
detected, and the yield could be even higher than the calcu-
lated results.

3.2 Effect of defect introduction on the efficient cutting of
SWCNTs

Comparative experiments were conducted to reveal the defect-
induced gas etching mechanism. When air plasma treatment
was performed to generate defects, no SWCNTs were left after
the H,O vapor etching. This is because too many defects are
introduced into the walls of the SWCNTSs by air plasma treat-
ment with high chemical reactivity, and all the SWCNTs are
removed by the following H,O vapor etching. Without plasma
treatment, the morphology of the c-SWCNTs obtained after
H,0 vapor etching is shown in Fig. S2a.T We can see that both
long and short SWCNTs are randomly dispersed on the sub-
strate. The lengths of the c-SWCNTs distribute in a wide range
of 50-650 nm (Fig. S2bt), and the mean value is 334 nm,
which is much longer than that of the sample that underwent
H, plasma treatment.

The power of plasma may also influence the generation of
defects on the SWCNTs significantly. We tuned the power of
plasma applied in the range of 5-20 W. With the increase of
plasma power, the G/D ratios of the SWCNTs decrease dramati-
cally (Fig. S3at), indicating that more defects are introduced.
After H,O vapor etching, the SWCNTs’ density also decreased
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apparently (Fig. S4a-ct). This indicates that more SWCNTs
were removed during the H,O etching process. The change in
the mean length of the c-SWCNTs is not obvious when higher-
power H, plasma treatment is performed (Fig. S4d-ff).
However, few c-SWCNTs with the same orientation are
observed (Fig. S4a-ct), indicating that too many defects lead
to serious destruction and loss of SWCNTs. To balance the
cutting and yield of the c-SWCNTs, a low power of 5 W H,
plasma was selected.

Other than H, plasma power, the treatment time also
affects the generation of defects. We prolonged the time of
plasma treatment from 30 s to 120 s with a power of 5 W and
found that the G/D ratio of the SWCNTs decreased obviously
(Fig. S3b¥). Fig. 3a—c show the morphology of the c-SWCNTs
obtained with different H, plasma treatment times. Most adja-
cent segments have the same orientation, suggesting that each
SWCNT is cut into several parts. The lengths of the c-SWCNTs
are mainly distributed in the range of 50-350 nm (Fig. 3d-f).
The mean lengths of the c-SWCNTs obtained through 60 s, 90
s, and 120 s of plasma treatment are 150 nm, 125 nm, and
125 nm, respectively. However, the yield decreased when a
longer plasma treatment time was used. The plasma treatment
time was finally optimized as 90 s for defect introduction.

3.3 Effects of H,O etching on the controlled cutting of
SWCNTs

After defect generation by H, plasma, H,O vapor would prefer
to adsorb at the defect sites and react with the SWCNTs to
achieve cutting. To investigate the adsorption site of H,O, first-
principles calculations based on density functional theory
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Fig. 3 AFM images and length distributions of the c-SWCNTs obtained by (a and d) 60 s, (b and e) 90 s, and (c and f) 120 s H, plasma treatment.
The average lengths of c-SWCNTSs are (a) 150 nm, (b) 125 nm, and (c) 125 nm.

3934 | Nanoscale, 2023, 15, 3931-3939

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2NR06696C

Open Access Article. Published on 19 January 2023. Downloaded on 11/8/2024 7:31:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Nanoscale

implemented in the Vienna ab initio simulation package
(VASP)***> with the projector augmented wave (PAW)*®*
method and the Perdew-Burke-Erzenhof (PBE)*® exchange-
correlation functional were adopted and performed. 27 x 27 x
25.37 A® supercells were used to simulate the SWCNT pristine
surface, which contained 4 carbon vacancies, and H,O mole-

Fig. 4 First-principles calculations of H,O adsorption on the (a) defects
of SWCNTs and (b) walls of SWCNTSs without defects.
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cules were then placed on the defect or perfect surface (Fig. 4).
One-dimensional periodic boundary conditions were used
along the tube axis to simulate infinitely long nanotube
systems, and the length in this direction is 25.37 A which is
sufficient to prevent interactions between the periodic images.
Along the remaining two non-periodic directions, a vacuum
region of ~18 A was taken into consideration. Using the conju-
gate-gradient algorithm, the atomic positions in the supercell
were completely relaxed without any restrictions, and the con-
vergence threshold was set at 10~° eV for the total energy and
1072 ev A™* for the force on each atom. Gaussian smearing of
0.2 eV was employed. The valence states of C (2s°2p?), H (1s"),
and O (2s*2p*) were considered for the construction of the
corresponding pseudopotential. We investigated the adsorp-
tion site of H,O using the following formula,

AE = Egefect — Eperfect

where Egefec is the energy of the model of H,O molecules on a
defect surface (Fig. 4a) and Epersect is the energy of the model
of H,0 molecules on a perfect surface (Fig. 4b). Hence, a nega-
tive AE value denotes that the H,O molecules prefer to adsorb
at the defect sites. As calculated, AE is approximately —17 eV.
On average, the energy difference caused by each H,O mole-

ok (Qg)‘-

Fig. 5 Preparation of nanoparticles and nanowires in SWCNT nanoreactors. (a) Schematic showing the preparation of WOz nanostructures in
SWCNT nanoreactors. (b) TEM image of WO3z nanoparticles@SWCNTs. (c) TEM images of long ultrathin WOz nanowires@SWCNTs. (d) FFT patterns

of the marked areas in (c) and their lattice fringes.

This journal is © The Royal Society of Chemistry 2023
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cule is about 3.4 eV, suggesting that the H,O molecules
strongly tend to adsorb on the defect sites of the SWCNTs to
achieve controllable cutting.

As a typical etchant, H,O has been used to react with amor-
phous carbon and metallic SWCNTs to synthesize high-purity
SWCNT  forests®® and  high-quality semiconducting
SWCNTs.>**' Zhang et al. found that the H,O etchant has
good selectivity for obtaining SWCNTs with different chiral-
ities.”> H,O is able to react with amorphous carbon and
SWCNTs under appropriate conditions.>® Several studies have
demonstrated that sp® carbon has higher chemical activity
than sp® carbon,® and the defects located in the walls of
carbon nanotubes would adsorb and react with H,O in
advance.”>”® The defect sites at the carbonaceous surface dis-
sociate the incoming water molecules, leading to a continuous
reaction.”” Furthermore, the reaction of H,O and carbon is
kinetically controllable by tuning the temperature, H,O con-
centration, and reaction time. To efficiently obtain short
SWCNTs with a narrow length distribution, the conditions of
the H,O etching reaction were investigated using the original
SWCNTs. The AFM images of the c-SWCNTs obtained by opti-
mizing the H,O etching reaction temperature in the range of
750-780 °C, and their corresponding statistical length distri-
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butions are shown in Fig. S5.1 Shorter SWCNTs were observed
when the temperature was increased. However, almost no
short c-SWCNTs with the same orientation were observed at
780 °C (Fig. S5ct), indicating that some of the SWCNTs were
removed. It is also confirmed that the etching reaction starts
from the ends of the SWCNTs. Too high a reaction tempera-
ture would result in a low yield of c-SWCNTs.

The etching reaction is kinetically controlled, and the reac-
tant concentration plays an important role. The concentration
of H,0 was tuned in the range of 1000-2000 ppm. As shown in
Fig. S6,7 the length becomes shorter with the increase of H,O
concentration. Most SWCNTs are less than 200 nm in length
(Fig. S6e and ff). However, the density dropped obviously and
only 10 tubes were observed in the AFM image when the H,0
concentration was 2000 ppm. A large number of nanoparticles
were observed after H,O etching with a high concentration of
H,O (Fig. S6b and ct), indicating the presence of ultra-short
SWCNTs. However, SWCNTs with lengths shorter than 50 nm
could not be observed due to the resolution limitation of AFM
characterization. Although much shorter SWCNTs can be
obtained with higher concentrations of the etchant, the yield
of ¢-SWCNTs is too low. The H,O etching reaction is kinetically
controlled, and the reactant concentration severely affects the

Fig. 6 Electron radiation resistance of WO3 nanowires@SWCNTs. TEM images of WOz nanowires@SWCNTSs (a) before and (b) after electron beam
irradiation. TEM images of WOz nanowires supported on SWCNTs (c) before and (d) after electron beam irradiation.

3936 | Nanoscale, 2023,15, 3931-3939
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reaction rate. To efficiently cut SWCNTs, a relatively low con-
centration of H,O is preferred.

As a kinetics-controlled reaction, the etching time plays an
important role in the efficient cutting of SWCNTSs. As shown in
Fig. S7,f 5 min is the optimized time for efficiently cutting
SWCNTs with a narrow length distribution. As can be seen in
Fig. S7a and d,f long SWCNTs were obtained after H,O
etching at 750 °C for 4 min, and the average length is about
250 nm. Upon prolonging the etching time, as shown in
Fig. S7c and f,f 30% of SWCNTs have lengths shorter than
100 nm, and few of them have the same orientation. Also, the
density of short SWCNTs decreases obviously, indicating that
some SWCNTs are removed by H,O.

3.4 Filling of c-SWCNT nanoreactors

c-SWCNTs were used as nanoreactors to prepare WOz nano-
particles and ultrathin nanowires. As shown in Fig. 5a,
CoH;,W(CO); was used as a precursor and the c-SWCNTs were
filled with it by a low-pressure CVD method. Then, the precur-
sor decomposed at an increased temperature, and WO; nano-
particles (Fig. 5b) or ultrathin nanowires were formed in the
hollow core of the SWCNTs (Fig. 5¢). We measured the size of
the WO; nanowires by TEM observation. As shown in Fig. S8,}
the length of the WO; nanowires mainly distributes in the
range of 7-14 nm, and their diameters are in the range of
1.0-1.6 nm, showing good structural uniformity. Compared to
previous reports, the filling efficiency is significantly improved
due to the reduced length of the c-SWCNTs, and long WO;
nanowires are observed to fill the inside of the hollow core of
the SWCNTs.”® The fast Fourier transform (FFT) diffraction
patterns of the nanowires shown in Fig. 5c¢ are used to assign
the lattice fringes. As shown in Fig. 5d, the identified patterns
are in good agreement with the spacings of (-1 1 1), (1 1 —1),
and (0 0 1) crystal planes of WOj3, suggesting that the W/O
elemental composition of the nanowires is 1: 3.

To evaluate the radiation resistance of the WO; nanowires
encapsulated in the chamber of SWCNTs, electron diffraction
was performed under TEM while maintaining the electron
dose at 2.84 x 10° eV nm™? s™'. After 120 s of electron beam
irradiation, the WO; nanocrystals retain well while the walls of
the SWCNTs start to degrade (Fig. 6a and b), suggesting a high
electron irradiation tolerance of the WO; nanowires@SWCNT
hybrid. On the other hand, the crystal face of the WO; nano-
wires supported on the walls of the SWCNTs changed from (1
1 1) to (4 0 0) after undergoing similar 120 s electron beam
irradiation (Fig. 6¢c and d). Because SWCNTs have good electri-
cal conductivity, electrons can be transferred through the walls
of carbon nanotubes, and WO; cylinder-shaped nanowires
encapsulated in SWCNTs have superior electron radiation re-
sistance. For the WO; nanowires@SWCNTS, the tube wall with
good electrical conductivity and electron radiation durability
functions as a protective shell. Therefore, the defect-induced
H,O0 etching method is efficient for fabricating SWCNT nanor-
eactors, providing a way for synthesizing SWCNT-based deriva-
tives with intriguing properties.

This journal is © The Royal Society of Chemistry 2023
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4. Conclusions

In conclusion, an efficient and controllable cutting of SWCNTSs
is achieved by combining H, plasma treatment and H,O vapor
etching. Long SWCNTs were cut into segments with an average
length of 175 nm, and the yield was about 75% under the
optimum conditions. The resulting c-SWCNTs have both high
crystallinity and short lengths and can be used as nanoreactors
with ultrasmall confined space. The c-SWCNT nanoreactors
with a short diffusion path were efficiently filled with WO;
nanoparticles and nanowires. The WO; nanowires encapsu-
lated in the ¢-SWCNTs show high electron irradiation toler-
ance. This offers guidance for the design and preparation of
SWCNT-based derivatives with excellent properties.
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