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Real-Time Observation of Carbon Nanotube Etching
Process Using Polarized Optical Microscope

Qiuchen Zhao, Fengrui Yao, Zequn Wang, Shibin Deng, Lianming Tong, Kaihui Liu,*

and Jin Zhang*

Controllable synthesis of carbon nanotubes (CNTs) is of great importance in
its further application, which attracts broad attention. As growth and etching
are the two sides in the process of material crystallography and the control
of the competition between them forms the foundation for modern tech-
nology of materials design and manufacture, the understanding on etching
process of carbon nanotubes is still very unclear because technically it is of
great challenge to characterize the dynamics in such small one-dimensional
(1D) scale. Here the real-time investigation on the etching process of CNTs is
reported, by the hot-wall chemical reactor equipped with a polarized optical
microscope. It is discovered that the CNT etching behavior in air is totally of
random, including the etching sites, termination sites, and structure depend-
ence. Combining with the dynamic simulation, it is revealed that the random
behavior reflects the unique “self-termination” phenomenon. A structure-
independent etching propagation barrier of 2.4 eV is also obtained, which
indicates that the etching propagation process still follows the conventional

Wulff  construction (KWC) theory,?
which predicts that the kinetic growth
and etching speed difference between
different crystal facts determine the final
materials shape.>*l Recently, KWC theory
has also been applied to describe the mor-
phology evolution in 2D atomic-layered
materials, for example, graphenel~”! and
MoS, ] However, as there is no “facet”
definition, classical KWC model is hard
to be directly used in describing 1D mate-
rials like carbon nanotubes. Could KWC
theory be expanded to carbon nanotube
etching process? What is the symptom
like if it is applicative? Until now, the
general understanding of the growth and
especially etching behavior is still under
its very immature stage, which to some

Kinetic Wulff construction theory. The results represent the new knowledge
on the etching process in carbon nanotube and can contribute to its selec-
tive enrichment. Furthermore, the “self-termination” phenomenon may be a

universal behavior in 1D process.

Etching process is regarded as one of the key points in selec-
tive enrichment of single-walled carbon nanotubes (SWNTs),
including direct growth or post-treatment method.ll However,
though series of controlled trials strongly confirmed the exist-
ence of etching process, there is still a lack of theoretical direc-
tion in such an etching process in 1D carbon nanotube system.
As we know, the crystal morphology evolution with time in 3D
bulk materials has long been successfully described by Kinetic
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extent hampers their accurate controllable
growth.

To better understanding the etching
process of 1D carbon nanotubes, many
works had been published to observe this
process by in situ observation methods at
the level of individual SWNTs, including
environmental transmission electron microscope,” environ-
mental scanning tunneling microscopel’® or in situ Raman
spectrum™! . However, to quantitatively investigate the etching
dynamics of intrinsic carbon nanotubes, it is prerequisite to see
the nanotubes under etching condition in real-time (high time
resolution at least on seconds levell'%)) and identify their struc-
ture or chiral indices in situ (under high temperature up to
900 K). These commands are of great challenge due to the lack
of the state-of-the-art technology to characterize nanotubes with
very small diameter, which hampers the quantitative under-
standing in CNT etching process.[10-14]

In this report, we combined the high-throughput polarized
optical microscopel®17l with our hot-wall chemical reactor to
fully cover the requirement to characterize the dynamics in
nanotube etching process. The polarization microscope pro-
vides the unique capability of imaging individual nanotubes in
real-time (frame rate up to 20 fpm) and identifying nanotube
chiral indices in situ; while the hot-wall chemical reactor pro-
vides the high temperature (up to 1300 K) to initiate etching
(Figure 1a). A short-wave pass filter was placed before the
charge coupled device (CCD) camera to block the infrared
black-body background radiation from hot reactor. SWN'Ts were
grown directly onto a 3 mm x 4 mm silicon substrate with a
90 nm oxide layer (detailed characterization of SWNT samples
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Figure 1. Instrument and typical results for in situ real-time monitoring etching process in carbon nanotubes. a) Scheme of combining high-contrast
polarization microscopy with hot-wall reactor. A short-wave pass filter (SWF) is placed before the CCD to block the infrared black-body radiation.
b-h) Key frames (left) and schematic illustrations (right) of etching evolution in one nanotube. Vertical black dashes point out the initial etching sites,
gray dashes indicate the etching gap, and red (black) point refers to active (inactive) etching sites.

are shown in Figure S1, Supporting Information). After placing
the as-grown samples into the reactor, we monitored the etching
process of each carbon nanotube by taking video on them. As
shown in Section SI 2 (Supporting Information), our as-grown
SWNT samples is longer than 2 mm, and we simply chose tens
of micrometers in the middle it, which ensure that the etching
process is generated from the body of the SWNT. One example
of the etching evolution is shown in Figure 1b-h with time
interval of 3 s (schemes were also shown for clear illustration).
At 3745”, the nanotube etching stops (Figure 1b, the former
morphology of this carbon nanotube is in Figure S1, Sup-
porting Information), and 3 s later a new etching site appears
(Figure 1c) and the gap gradually elongates to about 10 pm in
the following 18 s (Figure 1c—e). Quite interestingly, the etching
site stops again (Figure le,f) until a new etching site appears
at a new position (Figure 1g) and it starts another circle of this
“new site-elongation-termination-new site” (Figure 1gh). Our
real-time observation highlighted the phenomenon in nano-
tube etching process that the etching proceed in an unexpected
way: new etching sites appear along the CNT, every etching site
introduces a finite but nonconstant gap, and every etching site
will terminate (These results are in sharp contrast to previous
understanding of continuous!'>'* or semicontinuous segment-
by-segment!'% etching process that starts from the nanotube
end, which were obtained based on observation without real-
time imaging of the etching dynamics). It is true that limited
by the optical diffraction limitation, we could not give a higher
spatial resolution for the position of the ends. However, the
etching rate in Figure 1c—e (=0.5 um s7!) is much larger than
the etching rate in Figure le-h (which do not show a observ-
able change in 3 min), a significant reduction of etching rate by
at least three orders of magnitude folds took place during the
etching process, which could be regarded as terminated in our
observation time scale. Considering that the residual catalyst
nanoparticles or substrates may lead to the etching of SWNT5,
we annealed the as-grown samples in protection of Ar at the
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same temperature for 1 h, while no etching phenomenon is
observed, which could strongly verify that the etching process
is dominated by air.

In order to quantitatively understand the random etching
evolution behavior in carbon nanotubes, we carried out sta-
tistic study along different nanotubes with typical length of
more than 4 mm. Figure 2a—c shows the typical results along
one carbon nanotubes under different etching time of 5, 10,
and 20 min respectively (more experimental details are given
in Figure S3, Supporting Information). For the convenience of
description, we defined several parameters along the nanotubes
in Figure 2d, where [, refers to the length of kth segment of
nanotube (marked as Sy), and d; denotes the gap length between
S and Sj,; segment (marked as G;). We first statistically meas-

ured the distance (defines as %(dk + 1)+ 1) between G, and

Gy, for 100 gaps (etching time t = 5 min unless specially men-
tioned in below), which reflects the distance distribution of
neighboring etching sites. The significant variation of this dis-
tance showed that the new etching sites start at random posi-
tions (Figure 2e). We claimed that the random etching site is
related to the ideal structure of the as-grown SWNT samples,
which do not have defects on the body of SWNTs (more evi-
dences are shown in Figure S3, Supporting Information). The
uniform structure along the carbon nanotube makes the prob-
ability of etching site generation equally, which lead to the
random behavior of the position of etching site. We further
plot the statistics of gap length d; (Figure 2f), which reflects the
elongation ability of each active site. The gap length distribu-
tions are of nonconstant and conform to a Gaussian-like dis-
tribution. We last plot the remnant nanotube ratio (defined as
L/ LoyL=zlk, LOZZ(lk +d,)) under different etching time
k k
(Figure 2g). Quite strangely, the etching rate decays gradu-
ally over time and shows a saturate behavior. This saturation
behavior is quite contradictory to the perdition in classic 3D
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Figure 2. Dynamic behavior and modeling of SWNT etching process. Optical imaging of SWNT segments with etching time of a) 5 min, b) 10 min, and
) 20 min. d) Definition of the segment/gap number and their length. e) Distance of the neighboring gaps. f) Experiment result and simulation of gap
length distribution after 5 min etching. g) Experiment result and simulation of relative length of remnant SWNT over time. h) Schematic illustration of
random etching process. i) Simulated evolution of SWNT over etching time. Blue ribbons refer to remained SWNT segments S, and white blanks are
the etched gaps Gy. j-k) Comparison of the different etching behavior in 2D and 1D systems. The red sites are the active sites during etching process.

or 2D materials, where the etching will not terminate and the
etching rate is of constant (without new site production) or an
accelerating value (with new site production).

To better understanding the above etching process, we devel-
oped a phenomenological 1D etching model and simulated the
entire etching process (schematically illustrated in Figure 2h).
The key setting in our model is the random appearance and
the termination of etching sites. Other technical details include
that the active etching site is produced at a random point with
a frequency 7, and the gap length is determined by a random
number generator with Gaussian function (see details in
Figures S7-S9, Supporting Information). The simulated results
of nanotube segment evolution are shown in Figure 2i, in
which blue ribbons refer to S; segments and the white parts are
the gaps Gy. The simulated d, distribution and time evolution
of L/Ly nicely reproduce our experimental results in Figure 2f,g
(simulated results are shown by the red curves).

From both our experimental and simulation results, we
revealed that the crucial difference between carbon nanotube
and other higher dimensional materials lies in the existence of
etching termination sites. Herein, we used carbon nanotube and
graphene as a contrast to explain this unique difference induced
by dimensionality (Figure 2jk). During the etching process,
the number of active site shows a positive correlation with the
etching time. When some etching sites become inactive in gra-
phene, etching could sustain at neighboring active sites. During
further etching process, the inactive sites could be attacked
from other directions and entirely removed. Thus, the self-
termination behavior does not have much impact on the
overall etching process. However, in carbon nanotube etching
process, the active etching site did not change over time (the
cylinder structure makes the cross sectional area of the SWNT
remains unchanged during etching process, which is the main
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difference between SWNT and graphene). Thus, the inactive
sites could not be surpassed from other routes due to the 1D
confinement. Therefore the self-termination is a unique charac-
teristic in the etching process of carbon nanotube to form other
carbon materials. Furthermore, as the side reactions are ubiq-
uitous in chemical reactions, we claimed that the “self-termi-
nation” process should be a universal phenomenon 1D system.

The advanced ability of our equipment of in situ chirality
identification enables us to investigate the structure depend-
ence of the etching behavior in 1D nanotubes. The chiral
indices were obtained by comparing the optical transition ener-
gies in the optical spectrum to the atlas table we established
before.[>101819 One example of a semiconducting (15, 13) tube
is given in Figure 3a. We measured the etching gap size d, at
different etching sites on this nanotube and found that they
show Gaussian-like random distribution with average value
d, of 1.0 um (Figure 3b), which reflects the etching propaga-
tion ability. We statistically studied the chirality dependence of
this etching gap behavior (under the same etching time and
heating temperature) and found that there is no obvious dif-
ferences between different nanotubes (Figure 3c), no matter
they are semiconducting or metallic (diameter in the range
1.3-2.8 nm). Here we noted that unlike the previous studies
that involve nanotube transferring process, all characterizations
were carried out on as-grown samples and the obtained proper-
ties are related to the intrinsic nanotube properties. Though it
was widely held in belief that the etching is highly related to the
nanotube structures, 22 the chirality-independent etching gap
meant that the etching propagation process remains the same
for different kinds of nanotubes. This nonselective propagation
process strongly suggested that a uniform structure could form
during etching process (for example, an armchair? or zigzagl?’]
ends are mostly possible according to previous reports), which
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Figure 3. Structure-independent etching propagation behaviors in SWNTs. a) Typical optical spectroscopy of a (15, 13) tube, which is a semiconducting
SWNT with the diameter of 1.9 nm. b) Etching gap length of the (15, 13) tube after a 5 min etching. In total 100 gaps have been measured with the
average length of 1.1 £ 0.4 pm. c) Relationship between average gap lengths and SWNT chiralities. Although selected SWNTs have different diameter
(1.3-2.8 nm), helix angle (8°-28°), and electronic types, the average gap lengths are very similar.

does not vary over nanotube structure. Regarding this uniform
structure as a special “facet,” the etching behavior could also
be well described by KWC model before termination process.
As KWC had been proved to be applicable in the etching pro-
cess of 2D materials,># it is the first time to observe the KWC
behavior in 1D carbon nanotube etching process.

Now we provided a full picture to describe the random
etching behavior in 1D carbon nanotube systems. A poly-
merization-like mechanism, including initiation, propaga-
tion, and termination process, was utilized to illustrate the
dynamic mechanism of etching process. The etching site ini-
tiation, etching propagation, and etching site termination are
all ruled by the activation energy barrier (Figure 4a). From the
fact that the termination is the most stable and the propagation
is the most possible event, we know that termination barrier
(AE,) > initiation barrier (AF;) > propagation barrier (AE,). The
initiation barrier could be obtained in analogy with graphene
etching process with an energy gap AFE; = 2.7 eV,28 which at
first forms an epoxy group. The epoxy groups formed during
oxidation were suggested to have a preference for aligning in a
line based on first-principles calculation, which induced a rup-
ture of the underlying C—C bonds. An epoxy pair could form
during the deeper oxidation and then a more stable carbonyl
pair could form. Finally, carbon nanotubes could be clipped
into two parts with zigzag ends with carbonyl structures.?”l The
propagation barrier AE, can be obtained from the temperature-
dependent gap length data (Figure 4b). This energy gap leads
to a tunneling process probability p in a unit interval. Thus, the
average length of the gap d, should be proportional to etching
probability p. Since p is related to the energy AE, in the relation
of p=Aexp(—AE, /k;T), we obtained

Etching time

b 100 c 20
75 15
E =
2 50 l; 10
5
25 05
0 0

AE, 1

Ind, =— 3 =+C 1)

B

where kg is Boltzmann constant, C is a constant related to the
reaction type and T refers to the etching temperature. The
obtained AE, from our data is =2.4 eV (Figure 4c), which is
about 0.3 eV lower than AE;. Finally we discuss the largest
termination barrier AE,, from which we know the edge struc-
ture is very stable even in air under high temperature around
900 K. Due to the lack of characterization methods, we still
know little about the mechanism and atomic structure for this
termination edge. As known that the etching of a CNT is very
sensitive to the end structure (for example, the activity of open
or closed ends are significantly different), we also believed that
the termination is caused by the sudden variation of the end
structure. This variation may be an inherent side reaction in
the reaction of CNT and O,, or due to the complex interaction
between carbon nanotube ends and substrates. The nature
in the end structure deserves the detailed study in the near
future.

With in situ real-time observation, we observed the etching
process of carbon nanotube. We found that KWC model is still
applicable in describing the propagation stage during etching
process in 1D carbon nanotubes. However, a self-termination
beyond KWC model must be included, which is a unique char-
acteristic for carbon nanotubes due to its reduced dimension.
These findings should provide new insights in the design of
carbon nanotubes and facilitate its controllable growth, such as
chirality-enrichment growth. Besides, the special phenomenon
of self-termination may also be used widely in other etching
process of other 1D material, like 1D polymer chains.

610 620 630
Etching Temperature (°C)

158 1.60 162 164
1/ T(10°K1)

Figure 4. Mechanism of SWNT etching process. a) Schematic illustration of the three steps in SWNT etching process. The etching process is ruled
by initiation barrier (AE;), propagation barrier (AE;) and termination barrier (AE;). b) Average gap length under different etching temperature with the
etching time of 5 min. c) linear fitting of Ind, —T"". An etching propagation energy barrier of 2.4 eV is obtained.
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Experimental Section

Growth of Flow Direct SWNT Arrays: Carbon nanotubes were grown in
chemical vapor deposition (CVD) system. In particular, 3 mm x 4 mm
SiO,/Si wafers with 90 nm oxide layer (Hefei Kejing Materials Technology
Company, China) were used as substrates. Fe(OH);/ethanol sol, as
catalyst precursor, was dispersed onto a prepositive substrate on the
upstream of gas flow. Substrates were heated to 980 °C in the air in
50 min, and then the CVD system was purged with 200 sccm argon for
10 min. After that, a flow of hydrogen (100 sccm) and argon (through an
ethanol bubbler with 50 sccm) was introduced for the growth of SWNTs
at the same temperature for 15 min. A programmed cooling process was
operated from 980 to 830 °C in 60 min with the protection of 100 sccm
H, and then natural cooling to room temperature.

Polarized Optical Imaging of Individual SWNT: As shown in Figure Ta,
an optical microscope (Olympus BX51) equipped with a 50 x objective
(N.A. =0.5, working distance of 1.06 cm), two polarizers (Daheng optics,
GCL-050003), a short-wave pass filter <610 nm (Thorlabs, FGB 37),
and a monochrome camera (Andor Zyla 4.2) were used to image the
carbon-nanotube in situ. A tungsten—halogen lamp was used as the light
source, the reflective mode was used, one polarizer was located in the
incident beam with its transmission axis set horizontally, and the second
polarizer was placed in the reflective beam with its transmission axis
set to a small angle 6 from the vertical direction. A Kohler illuminator
provided evenly dispersed light across the plane of field of view. The
aperture iris diaphragm and the field iris diaphragm enabled convenient
controls of incident beam.

In Situ Observation of SWNT Etching: The as-grown SWNTs substrates
were placed into hot-wall reactor exposed in atmospheric phenomenon.
The samples were heated up to target temperature with 100 °C min~".
The etching process was monitored by real-time video mode.

Chirality Assignment of As-Grown SWNT: The home-built single-tube
high-contrast reflection spectroscopy employed a supercontinuum
laser as light source and a spectrometer as photon energy analyzer. The
optical transition energies was used to determine the chirality of each
nanotube.329

Supporting Information

Supporting Information is available from the Wiley Online Library or
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