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ABSTRACT: Understanding the growth mechanism of carbon nanotubes
(CNTs) has been long pursued since its discovery. With recent integration
of in situ techniques into the study of CNT growth, important insights about
the growth mechanism of CNT have been generated, which have improved
our understanding significantly. However, previous in situ experiments were
mainly conducted at low pressures which were far from the practical
conditions. Direct information about the growth dynamics under relevant
conditions is still absent and thus is highly desirable. In this work, we report
atomic-scale observations of multiwalled CNT (MWCNT) growth and
termination at near ambient pressure by in situ transmission electron
microscopy. On the basis of the real-time imaging, we are able to reveal that
the working catalyst is constantly reshaping at its apex during catalyzing
CNT growth, whereas at the base the catalyst remains faceted and barely
shows any morphological change. The active catalyst is identified as
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crystalline Fe;C, based on lattice fringes that can be imaged during growth. However, the oscillatory growth behavior of the
CNT and the structural dynamics of the apex area strongly indicate that the carbon concentration in the catalyst particle is
fluctuating during the course of CNT growth. Extended observations further reveal that the catalyst splitting can occur: whereas
the majority of the catalyst stays at the base and continues catalyzing CNT growth, a small portion of it gets trapped inside of
the growing nanotube. The catalyst splitting can take place multiple times, leading to shrinkage of both, catalyst size and
diameter of CNT, and finally the growth termination of CNT due to the full coverage of the catalyst by carbon layers.
Additionally, in situ observations show two more scenarios for the growth termination, that is, out-migration of the catalyst from
the growing nanotube induced by (i) Oswald ripening and (ii) weakened adhesion strength between the catalyst and CNT.

KEYWORDS: MWCNT, in situ TEM, atomic-scale, catalyst splitting, growth and termination dynamics

Carbon nanotubes (CNTs) have triggered tremendous
research interest in the past few decades because of their
unique physical and chemical properties as well as their
potential uses in electronics, catalysis, energy storage, and so
forth”” Among these well-established approaches®™>
synthesis of CNTs, the metal-catalyzed chemical vapor
deposition (CVD) has been considered as the most suitable
one due to its simplicity, scalability, and higher degree of
control.”” In metal-catalyzed CVD process, transition metals
such as Ni,” Fe,”'” and Co'" are commonly used as catalysts to
grow CNTs. For scalable fabrication, binary mixtures of these
metals are often employed due to enhanced activity and
yield.">"? Although industrial-scale production of CNTs has
been realized in recent years, we are still suffering from
unsatisfactory uniformity and controllability. To obtain desired
performances of CNT-based devices, it is essential to
synthesize CNTs with controlled diameter, length, and
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chiralityl4_16 which are key factors in determining the

performances. The lack of controllability, to a large extent, is
due to limited atomic-scale information on CNT growth and
molecular-level understanding of growth mechanism. Some
key questions are still waiting for answers or to be clarified,"”
for example, what is the state of the catalyst (liquid or solid),
what is the active structure of the catalyst, how external
parameters such as temperature or pressure impact growth
dynamics of CNTs, and what are the causes for growth
termination of CNTs, and so forth.

The recent developments of in situ techniques have enabled
unprecedented opportunities for investigating dynamic
changes of materials under relevant conditions.'*™*' Using in
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Figure 1. (a—f) Sequential TEM images showing dynamic process of a CNT growth from an iron particle. (g) Shape evolution of the catalytic
particle during the CNT growth. (h) Length and growth velocity of the CNT as a function of time.

situ X-ray photoelectron spectroscopy, Hoffmann et al. studied
the state and structure of the catalyst (Fe, Ni) during CNT
growth” and claimed that the active catalyst is crystalline
metallic nanoparticle. Later on, a combined study”’ based on
in situ X-ray diffraction and in situ transmission electron
microscopy (TEM) suggested that the active catalyst (in the
case of Fe) contains a mixture of Fe and Fe;C with the metallic
Fe existing in either body-centered cubic (bcc) or face-
centered cubic (fcc) structure, depending on its kinetically
accessible pathway. In contrast, Yoshida et al. carried out an in
situ TEM study of CNT growth using an environmental TEM,
from which they exclusively concluded that the catalyst
crystallizes as iron carbide during CNT growth.”* Shortly
after, a similar statement was made by Sharma et al,”® based
on their in situ TEM study. The controversy over the active
structure, on one hand, might be related to the different
experimental conditions used, such as different carbon
precursor, temperature, and pressure, which regulate the
structure of the catalyst and the dynamic growth process of
CNT with response to the chemical potential of gases. On the
other hand, it may originate from the techniques that were
employed for investigations. It is known that photon-based
spectroscopic techniques provide integrated signals at macro-
scale, which may contain information from both active and
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inactive states of the catalysts. In contrast, in situ TEM can
directly probe the local atomic arrangement of the active
catalyst and the associated morphological changes, which
ensures the relevance of the obtained information and thus,
may lead to a better understanding of CNT growth
mechanism.

With most of previous in situ TEM studies conducting at
very low pressure (107°—1073 bar),***™* observations of the
atomic process of CNT growth at near ambient pressure that is
more relevant for industrial synthesis, however, have been
rarely reported. Recent development of Micro-Electro-
Mechanical System (MEMS) based membrane devices has
allowed the performance of in situ TEM experiments at
temperatures as high as 1000 °C and pressures up to 1
bar.”*~** Herein, we implement in sita TEM on visualizing the
growth dynamics of MWCNTSs from Fe-based catalyst at
pressure of 178.65 mbar in a gas mixture of H,, C,H,, and He.
On the basis of continuous atomic-scale imaging, we are able
to reveal the structure of the active catalyst and its dynamical
behaviors during catalyzing CNT growth, which may shed
some light on mechanistic understanding of CNT growth.
Moreover, in situ observations reveal three different scenarios
for the growth termination of CNTs. The present in situ study
provides insightful information toward understanding of the
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Figure 2. Structural analysis of an active catalyst. (a—d) Time-course HRTEM images of an active catalyst recorded while it is catalyzing a CNT
growth. (e—h) Fourier-filtered HRTEM images of the catalyst from the rectangle regions marked in (a—d). Lattice fringes of CNT are filtered out.
Insets show the simulated HRTEM images. (i—1) FFTs of HRTEM images in (a—d).

growth and termination processes of CNTs, which could serve
as an experimental basis for rational design and synthesis of
CNTs with improved controllability.

Results and Discussion. The in situ experiment is
performed inside the column of an aberration-corrected
Titan 80-300 TEM (operated at 300 kV) using a MEMS-
based in situ gas and heating holder (DENSsolutions) and a
home-built gas feeding system. The precursor material used for
CNT growth is Fe,O; (Figure S1), which is first treated in 10%
H, at elevated temperatures up to 800 °C. We find the
treatment does not lead to reduction of oxide, which may be
related to relatively low partial pressure of H, and a large size
of oxide particles (up to 1 um). In addition, a trace amount of
oxygen due to leakage of the setup can presently not be
excluded and could thus hinder oxide reduction. Switching
from hydrogen to reaction gas (20% C,H,, 20% H,, and 60%
He) is performed at 150 °C followed by a stepwise increase of
the temperature to 800 °C. Because of a higher reduction
potential of the reaction gas, the Fe,O; is reduced to Fe;O, in
the temperature regime between 450 and 650 °C. The
reduction is accompanied by a collapse of particles into smaller
ones (Figure S2). With a further temperature increase, contrast
variations due to particle reconstruction or rearrangement are
observed until suddenly the onset of CNT growth is observed
at around 800 °C (Figure S3). In situ observations of CNT
growth and termination were made at 800 °C at a pressure of
178.65 mbar and a flow rate of 0.24 mL/min (details are
provided in Experiential Section).

Figure la—f shows a few snapshots extracted from Movie 1,
which is provided as Supporting Information. One can see how
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the multiwalled CNT (MWCNT) evolves from an active and
structurally dynamic iron catalyst. Note that the position of the
catalyst particle remains almost unchanged, indicating that it is
firmly attached to the substrate. This so-called base-growth®" is
generally observed when the interaction between the catalyst
and substrate is strong. In this study, the silicon nitride
membrane of the MEMS chip or nonreactive larger-sized
particles can serve as substrates and keep catalytic particles in
place. In situ TEM observation also uncovers that while the
base of the catalyst remains faceted and barely shows any
morphological change during CNT growth, the apex of the
catalyst (where the CNT sprouts out) shows a fast, constant
deformation (Figure 1g). Although partially behaving like a
liquid, the whole catalytic particle (including the base and the
apex of the catalyst) clearly delivers a diffraction contrast
during the course of CNT growth, which is a strong indication
for the solid state of the catalyst.

To gain some mechanistic insights from the growth kinetics
of CNT, we measure the length of CNT as a function of time
(Figure 1h). The growth rate can then be further obtained by
performing the time-derivative of the measured growth length
(details for growth length and velocity determinations are
provided in Supporting Information). One can see that the
CNT grows about 80 nm in 0.72 s (about 111 nm/s), which is
much faster than the growth speed reported for low pressures
and temperatures.”””> It is further found that the growth
velocity of CNT varies in an oscillatory fashion, suggesting a
periodical change in desorption rate of carbon at the CNT/
catalyst interface. It is worth to mention that we have tried to
abstract a relation between the catalyst particle size and CNT
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Figure 3. (a) HAADF-STEM image of a CNT with a catalytic particle encapsulated. (b) EELS spectra recorded from regions indicated in (a). All

EELS spectra are normalized based on their 7* excitations.

Figure 4. (a,)b,d—f) In situ atomic-scale TEM observation of the catalyst splitting during the course of CNT growth; insets of (d—f) show FFTs
from the indicated areas. (c) Schematic drawing of an elongated particle bonded with CNT layers. Scale bar is 20 nm.

growth speed. Because we are analyzing a two-dimensional
(2D) projection of a 3D process, and the fact that different
particles have different local environments, it is difficult to
draw a definite conclusion about the effect of particle size on
growth speed. However, based on our limited statistical
analysis, we conclude that there is no strong effect of particle
size on growth speed. In addition, in situ observation reveals
that the catalyst splitting can take place in the process of CNT
growth (Figure S4). With a small portion of the catalyst getting
trapped into the growing CNT, the main part stays put and
keeps catalyzing the CNT growth. Extended in situ observation
further reveals that the catalyst splitting can occur multiple
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times and eventually result in the growth termination of CNT.
We will discuss this point later in more detail in the paper.
Identifying the structure of the catalyst under its functioning
state is of central importance for understanding the growth
mechanism of CNT. However, due to the complexity of the
system the structure of the catalyst is still unclear or under
debate. So far, both metallic iron and carbide have been
proposed to be the active phases in CNT growth.”> >*** To
provide insights about the structure of the catalyst, we carry
out real-time observation of the working catalyst at atomic-
scale (Movie 2). Figure 2a—d shows consecutive high-
resolution TEM (HRTEM) images of a growing MWCNT
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from a catalytic particle. The presence of lattice fringes further
confirms the solid state of the catalyst. Analysis of the HRTEM
images together with the fast Fourier transformation (FFT)
patterns (Figures 2i-) and image simulations (insets of Figure
2e—h) reveals that the catalyst exists as Fe;C in an
orthorhombic structure (cementite, space group: Pnma).
Another set of in situ data is shown Figure SS, which delivers
a similar result. In this case, the shrinkage of the catalyst size is
induced by the catalyst splitting.

Electron energy loss spectroscopy (EELS) is conducted in
order to further demonstrate the formation of carbide phase.
Figure 3a shows a high-angle annular dark-field scanning TEM
(HAADF-STEM) image of a CNT nanotube grown from an
iron catalyst during an in situ experiment. The carbon K edges
from the catalytic particle (ROI 1) and two different regions
(ROI 2, 3) of CNT are shown in Figure 3b. It needs to be
mentioned that the EELS from ROI 1 actually contains a sum
of contributions from both, catalytic particle and coated carbon
layers. Comparison of all EELS spectra shows that in addition
to the common presence of 7* (about 285.4 eV) and o*
(about 292.4 eV) peaks, the EELS spectrum of ROI 1 also
shows a unique peak located at about 287.6 eV. It is ascribed to
the transition from Is to C 2p-Fe 3d hybrid state,’® thus
confirming the formation of carbide. In addition, the carbon 7*
peak from ROI 1 is slightly broader compared to these
recorded from ROI 2 and 3 of CNT, which is probably due to
the superposition of carbon signals from both carbide particle
and graphitic carbon layers. The Fe L edge from catalytic
particle is also recorded (Figure S6), which fits to that of
carbide phase reported in a previous work.>

Therefore, based on above in situ observations and the
associated structural and EELS analyses we are able to
exclusively conclude that the cementite Fe;C is the active
structure in MWCNT growth at near ambient pressure.
Additionally, analysis of time-resolved FFTs suggests that the
crystal orientation of the catalyst changes dramatically during
CNT growth. The zone axis of the catalyst changes from
[—45-3] to [528] by 106.72° (Figure 2ij) and further to
[14—2] by 82.87° (Figure 2k). The rotation of the catalyst
gives rise to strong swing of the growing CNT as well as the
formation of twisted segments in CNT (see Movie 2).

We have mentioned above that catalytic splitting can occur
during CNT growth. In the following, we show more details at
atomic-scale the process of the catalyst splitting and discuss the
possible reason for that. The HRTEM image (Figure 4a)
extracted from Movie 3 reveals that the splitting starts with the
formation of a tail structure at the apex of the catalyst. Instead
of contracting back to the main catalyst to minimize the total
energy of the system, continuous elongation toward the CNT
growth direction occurs preferentially (Figure 4b,d,e). Closer
observation indicates that the surface of the tail is anchoring
with some carbon layers (Figure 4c). The presence of highly
curved CNT walls according to the shape of tail (see black
arrows) is also an indication for the anchoring. It is assumed
that as long as the anchoring strength is strong enough to
compensate the energy increase, the elongation will continue.
Note that the elongation leads to a shrinkage in diameter of the
tail, especially at the interfacial region between the tail and the
main catalyst, and at a certain moment, the connection is
broken (Figure 4f). It is also noted that prior to the fracture, a
new CNT segment starts to grow, which rotates by a certain
angle with reference to the former one. This twisted growth
would favor the formation of neck zone between two adjacent
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segments of CNT. It promotes separation of the tail from the
parent catalyst due to Nichols—Mullins instability driven by
high chemical potential of this zone.” It is also interesting to
find that although the catalyst changes its crystallographic
orientation in a random fashion, a coherence of crystallo-
graphic orientation between the tail and the main catalyst
maintains as long as they are connected. The region i (head)
and ii (tail) in Figure 4d show almost identical FFTs in which
the diffraction spots can be assigned to {002} plane of Fe;C. In
Figure 4e, although the crystal orientation differs from the
previous one, it remains the same for both the head and the tail
of the catalyst. The diffraction spots in FFTs fit well to the
{112} plane of Fe;C. However, once the tail is separated from
the main catalyst, the coherence disappears, as shown in Figure
4£,

On the basis of above observations, we can make a few
statements about Fe-catalyzed CVD growth of MWCNTSs at
near ambient pressure. We reveal that the catalyst is in a highly
fluctuating state in the process of CNT growth (Figure 1g).
Although partially behaving like a liquid, the catalyst is in a
solid state, which crystallizes as Fe;C instead of metallic Fe
(Figure 2). The Fe;C phase is stable under the current
experimental condition and no decomposition occurs. The
MWCNT shows a similar growth speed of each cylinder layers,
indicating a bulk diffusion of carbon species through the
catalyst. Additionally, we show that catalyst splitting is a
general phenomenon in the process of CNT growth (Figure
S§4). It leads to a decrease in the catalyst size and a shrinkage in
diameter/wall number of the CNT (Figure S7).

In the following, we would like to briefly discuss the growth
behavior of MWCNT based on above in situ observations. The
MWCNT growth essentially follows a vapor—solid—solid
(VSS) process,’® given the observation that the catalyst is
always in a solid state. Briefly speaking, hydrocarbon (C,H,)
absorbs and decomposes on the open surface of the solid
catalyst to form active carbon species that subsequently diffuse
into the catalyst (Figure S8a). When the catalyst reaches its
supersaturated state, the dissolved carbon precipitates out and
crystallizes in the form of graphene cylinders. Our kinetic study
reveals that the growth velocity of CNT varies in an oscillatory
manner, suggesting that the carbon diffusing rate through the
carbon/catalyst interface changes periodically. This is likely
caused by the fluctuation of carbon concentration in the active
catalyst due to an unstable carbon supply from the gas phase to
the catalyst. Sharma et al. observed a similar kinetic behavior in
cobalt-catalyzed single-walled CNT (SWCNT) growth.”” They
revealed that both, metal and carbide, coexist in the catalytic
particle, and their variation in volume ratio coincides with the
fluctuated growth rate of SWCNT. However, in the present
study of Fe-catalyzed MWCNT growth only Fe;C is witnessed.
The absence of metal phase may be related to its short lifetime,
which makes it difficult to capture. Alternatively, it may be the
case that the metallic Fe is not formed in the catalyst. Instead
of fluctuating between metal and carbide as reported in the
cobalt case, the iron catalyst may be changing between
stoichiometric Fe;C and carbon-deficient Fe;C,_, during CNT
growth. It is also noted that the catalyst shows different levels
of dynamic behavior from apex to base, which could be related
to the different carbon concentration across the catalyst
(Figure S8b). The apex of the catalyst is assumed to contain
slightly less carbon content comparing to the base, considering
that continuous growth of CNT from the apex would result in
fluctuation of carbon concentration (Fe;C—Fe;C,_,) in that
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Figure S. Growth termination of MWCNTs by (a) complete coverage of the catalyst, and dislocation of the catalyst from growing CNTs induced
by (b) Oswald ripening and (c) weakened adhesion strength between the catalyst and CNT. Scar bar is 10 nm.

area. Moreover, presence of the static state at the base of the
catalyst indicates a more stable component, that is,
stoichiometric Fe;C. We believe that the concentration
gradient of carbon in the catalyst is responsible for the
continuation of the CNT growth.

Growing long CNTs (mm to cm) has received an increasing
level of attention because of its importance in both
fundamental research and technical applications.’®*” In order
to grow long CNTs, it is essential to understand the
deactivation mechanism of the catalyst in process of CNT
growth. Previous studies have proposed that the complete
coverage of the catalyst due to the presence of excessive carbon
is responsible for the deactivation of the catalyst and the
subsequent ceasing of CNT growth.*” Because the hypothesis
was made based on postcharacterizations, the transition
process from active to deactive state of the catalyst is still
missing. In addition, Kim et al. suggested41 that the growth
termination of SWCNT arrays may originate from Ostwald
ripening and subsequent subsurface migration of catalytic
particles from growth front of CNTs. However, whether it
applies for the growth of MWCNTs is unknown. Thus, direct
insights about the termination mechanism of MWCNTSs are
highly desirable.

In this regard, we perform extended in situ observations to
monitor the whole CNT growth process until the ceasing of

CNT growth. On the basis of this study, we are able to
demonstrate three different scenarios for the growth
termination of CNTs (Figure S). The first scenario (Figure
Sa) is generally consistent with the previous postulation, that
is, encapsulation of the catalyst by carbon layers, which blocks
the carbon feeding path to the catalyst and leads to the growth
termination. However, we additionally reveal that before the
growth terminates, the catalytic particle undergoes several
splitting events, resulting in a significant decrease in particle
size from 15.5 to S nm (Movie 4). Shortly after the final
splitting, the enclosure of the catalyst by additional carbon
layers sets in, which terminates the CNT growth. This
observation strongly indicates that catalytic splitting can
promote the growth termination of CNT, which can be
understood by the fact that a particle with smaller size is easier
to be covered by excessive carbon species compared to a bigger
one.

The other two scenarios are revealed due to out-migration of
the catalyst from growing CNT. It occurs in two different
manners, as shown in Figure Sb,c, respectively. In the scenario
shown in Figure Sb, growth termination occurs through
deformation and diffusion of the catalyst from growing CNT
toward a neighboring particle that has a larger diameter,
followed by a coarsening process (see Movie 5). This
observation suggests that the out-diffusion of the catalyst is
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driven by the Oswald ripening, which is in agreement with the
previous discussion on the SWCNT case.*" Alternatively, we
demonstrate in Figure Sc that the catalyst may just diffuse out
from the growing tube without joining any other particles
afterward (Movie 6). In fact, there are no particles even
surrounded, therefore assuredly ruling out the Oswald
ripening. The reason for this phenomenon is still unclear to
us. However, the observation of a rapid CNT growth after a
short pause (before the initiation of the catalyst migration)
indicates that the carbon transportation through the catalytic
particle is highly unbalanced. This could weaken the catalyst—
CNT adhesion strength®®*’ and lead to the detachment of
CNT from the catalyst or vice versa.

Conclusion. In summary, in situ TEM has been utilized to
study the Fe-catalyzed MWCNT growth and termination
processes at near ambient pressure. We assuredly demonstrate
that the catalyst at work is in solid state and crystallizes as
cementite Fe;C. Moreover, we reveal that the catalyst presents
distinct levels of dynamic behavior from the base to the apex
during the course of CNT growth; with the apex of the catalyst
showing a liquid-like deformation, the base of the catalyst
remains faceted without showing any morphological change.
Considering the presence of oscillatory growth kinetic of CNT,
we further propose that the carbon concentration in the
catalyst is fluctuating during CNT growth. Continuous
monitoring of CNT growth uncovers three possible scenarios
for the growth termination of CNT. First, we show that the full
coverage of the catalyst by carbon layers can lead to
deactivation of the catalyst and ceasing of CNT growth. We
additionally reveal that prior to the encapsulation the catalyst
goes through several splitting events, giving rise to a significant
shrinkage of the catalyst size. This facilitates the carbon
coverage of the catalyst and the growth termination of CNT.
Second, we show that the termination can be induced by the
Oswald ripening which drives the diffusion of the catalyst from
growing CNT toward a neighboring particle of a bigger size.
Third, we demonstrate that the catalyst particle can simply
diffuse out from growing CNT without merging into other
particles. We rationalize this phenomenon by the reduced
adhesion strength between CNT and the catalyst as a result of
an unbalanced carbon transportation in the catalyst. The
presented in situ TEM results provide atomic-level insights
into understanding of the growth and termination mechanisms
of CNTs at more relevant conditions. It may serve as an
important reference for controlled synthesis of CNTSs via
optimizations of both the catalyst design and experimental
condition.

Experimental Section. In Situ TEM Experiment. The in
situ TEM sample was prepared by drop-casting suspension of
Fe,O; onto a MEMS-based heating chip which was then
mounted into an in situ gas and heating holder (DENSsolu-
tions). The in situ experiments were performed inside the
column of a FEI Titan 80-300 TEM (operated at 300 kV)
using the in situ climate holder and a home-built gas feeding
system. Before growing CNTs, we first treated the loaded
Fe,0; in 10% H, at temperatures up to 800 °C and pressures
up to 250 mbar in the nanoreactor. Afterward, we dropped
down the temperature to 150 °C and switched the gas mixture
from H,/He (10%/90%) to the reaction gas containing 20%
H,, 20% C,H,, and 60% He. When the pressure inside of the
nanoreactor was stabilized, the sample was stepwise heated up
to 800 °C to initiate the CNT growth. In the present work, all
movies of CNT growth were recorded using a Gatan OneView
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camera. The growth behavior was studied at 800 °C, at a
pressure of about 178.65 mbar and a flow rate of 0.24 mL/min.
We have investigated the effect of the electron beam on the
growth dynamics by changing magnification and illumination
conditions. No obvious beam-induced artifacts could be
observed in the dose range between 1 X 10° and 7 X 10° e/
nm?s, which was used for the data presented in this work.

EELS Measurement. The EELS spectra were recorded from
an aberration-corrected JEOL ARM-300F TEM (equipped
with a Gatan GIF Quantum ER Dual EELS system) during an
in situ experiment under a similar experimental condition as
described above. Before acquisition, we first dropped down the
temperature to 300 °C and then removed all gases from the
nanoreactor.

HRTEM Image Simulation. The HRTEM image simulation
was performed using JEMS software developed by Dr. P.
Stadelmann. The cementite Fe;C structural file used for image
simulation was downloaded from the Inorganic Crystal
Structure Database (ICSD) with Collection Code 99002.*

Growth Length and Velocity Measurements. For growth
length measurement of CNT based on Movie 1, we first
identified a reference feature on CNT in the first frame and
measured the length (L) between this feature and the base of
the catalyst. In the next frame, we located exactly the same
feature and measured again the length (L,) from the feature to
the base of the catalyst. The difference between two measured
values (L = L, — L,) is thus the growth length of CNT
between the time of two consecutive frames (0.04 s).
Following this procedure, we did measurements sequentially
for all adjacent frames. By summing them up and relating to
the time used, we can therefore plot the length of CNT as a
function of time, as shown in Figure 1h (red dotted line). It is
worth mentioning that the reference feature selected on CNT
is not necessary to be always the same for different pairs of
adjacent frames. The important criterion for the selection is to
make sure that the chosen reference feature can be clearly
identified and located in two adjacent frames. After plotting the
growth length as a function of time, the growth rate was
obtained directly by performing the time-derivative of length
using OriginPro 2018 (version b9.5.0.193), as shown in Figure
1h (blue dotted line).
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