SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS SCIENCE

Growth mechanism of carbon nanotubes from Co-W-C
alloy catalyst revealed by atmospheric environmental

transmission electron microscopy

Yang Wang'2, Lu Qiu?, Lili Zhang'*, Dai-Ming Tang**, Ruixue Ma'-2, Cui-Lan Ren>%, Feng Ding>7*,
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High—-melting point alloy catalysts have been reported to be effective for the structure-controlled growth of
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single-wall carbon nanotubes (SWCNTs). However, some fundamental issues remain unclear because of the
complex catalytic growth environment. Here, we directly investigated the active catalytic phase of Co-W-C
alloy catalyst, the growth kinetics of CNTs, and their interfacial dynamics using closed-cell environmental trans-
mission electron microscopy at atmospheric pressure. The alloy catalyst was precisely identified as a cubic n-
carbide phase that remained unchanged during the whole CNT growth process. Rotations of the catalyst nano-
particles during CNT growth were observed, implying a weak interfacial interaction and undefined orientation
dependence for the solid catalyst. Theoretical calculations suggested that the growth kinetics are determined by
the diffusion of carbon atoms on the surface of the n-carbide catalyst and through the interface of the catalyst-

CNT wall.

INTRODUCTION

High—melting point catalysts, especially Co-W alloys, including
Co, Wy intermetallic and Co-W-C ternary carbides, have shown
promise in the structure-controlled growth of single-wall carbon
nanotubes (SWCNTs) (1-14). The growth mechanism of
SWCNTs from the alloy catalysts has been intensively investigated
experimentally and theoretically. On the one hand, the selectivity
was attributed to the high thermal stability of the solid alloy catalysts
and the interface matching between the SWCNTs and the solid cat-
alyst nanoparticles (NPs) (11-13). On the other hand, kinetic selec-
tivity mechanism involving the armchair-zigzag (A|Z) edge
segregation and transformation has been proposed (15, 16) and sup-
ported by a recent experiment, where near (2n, n) chirality
SWCNTs were preferentially grown from three catalysts (W, Mo,
and Re) with different symmetries (17).

However, up to now, some fundamental but important issues of
the Co-W alloy catalyst system, i.e., the actual phase structures and
behaviors of the catalysts during CNT growth, the CNT-catalyst in-
terfacial dynamics, and the growth kinetics of CNTs, are still
unclear. Although the structures of the alloy catalysts have been in-
vestigated, the previous reports are mainly based on postgrowth
characterization or in situ characterization of the catalyst NPs
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without a grown CNT linked (table S1). As a result, the behaviors
and structural evolution of the catalysts during CNT growth are still
unknown. Yang et al. (11-13) attributed the selective growth of
SWCNTs to the formation of an intermetallic phase of Co,W.
By using environmental transmission electron microscopy
(ETEM), the Co,W4 NPs were observed to be stable under the re-
active atmosphere at a high temperature of 1100°C (18). On the
other hand, An et al. (14, 19) reported that the selective growth of
SWCNTs from the sputtered Co-W-C catalyst is associated with the
formation of a mixture of CogWC and Co phases, which was iden-
tified after SWCNT growth by using atomic-resolution scanning
TEM (STEM). In addition to the unclear behaviors of the alloy cat-
alysts during CNT growth, the CNT-catalyst interfacial structure
has been rarely studied (11, 15, 16), especially during the dynamic
growth process of CNTs under an environment close to the conven-
tional chemical vapor deposition (CVD) growth system.

In this study, we directly investigated the growth process and
mechanism of CNTs from the Co-W-C alloy catalyst NPs in a win-
dowed environmental cell (E-cell) under atmospheric pressure
inside a TEM. An aberration-corrected TEM was used to observe
the growth of the CNTs and characterize the atomic structures of
the catalyst NPs, the dynamic CNT-NP interface, and the growth
kinetics of CNTs. On the basis of a precise phase identification
method (20), the phase structure of the alloy catalyst was found to
keep a single phase of cubic ternary carbide (n-carbide) during CNT
growth. Unexpectedly, rotations of the solid catalyst NPs inside the
growing CNTs were found, implying a weakly bonded CNT-catalyst
interface. Density functional theory (DFT)-based calculations
showed that carbon diffusion on the ternary carbide surface and
through the interface determines the growth kinetics.
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RESULTS

TEM image simulations of the CNTs and catalyst NPs in an
E-cell

A windowed E-cell system was used to investigate the growth of
CNTs under atmospheric pressure, in which two amorphous SiN,
membranes separate the reactor from the vacuum of the TEM
chamber and a high temperature over 1000°C could be obtained
by using the microscale heating circuit on the chip (Fig. 1A). Com-
pared with windowless ETEM at low pressures (<10 mbar), there isa
concern that the contrast and resolution may be compromised
using the E-cell with a pressure up to 1000 mbar, especially for
the thin nanotubes composed of low-density carbon.

To evaluate the experimental feasibility, TEM image simulations
were carried out for the E-cell with CNTs and metal catalyst NPs
loaded on amorphous SiN, membranes (Fig. 1, B and C, and figs.
S1 to S5). The parameters of the simulated high-resolution TEM
(HRTEM) images and diffractograms are summarized in table S2.
The presence of the SiN, membrane obviously reduces the imaging
contrast of the CNTs, especially as the membrane thickness is in-
creased (figs. S1 and S3). Nevertheless, the walls of CNTs with di-
ameters larger than 2 nm can be resolved for a 30-nm-thick SiN,
membrane, although it is not possible to resolve their atomic struc-
tures by HRTEM or chiral structures by electron diffraction (Fig. 1C
and fig. S2, B to D and F to H). On the other hand, the atomic struc-
tures of the catalyst NPs could be resolved because of their larger
electron scattering cross section (Fig. 1C and fig. S2, J to L and N
to P).

Atomic resolution of the metallic catalysts has been confirmed
by preliminary experimental results (Fig. 1, D and E). A lattice-re-
solved TEM image and the corresponding fast Fourier transforma-
tion (FFT) pattern could be seen for a Co-W-C catalyst NP that is
attached to the end of a triple-wall CNT (TWCNT). Therefore, the
E-cell system is suitable for observing the growth process of the
CNTs and for investigating the atomic structures of the catalysts
during CNT growth even under atmospheric pressure.

A E-beam

Preparation and characterization of Co-W-C alloy catalyst
Catalyst NPs were prepared by successively sputtering Co and W
thin films on the bottom SiN, membrane of the E-cell (20), followed
by a heat treatment at 850°C in H, atmosphere for 10 min. Figure S6
shows the typical morphology of the as-prepared catalyst NPs. The
catalyst NPs are spherical, and their diameters are mainly distribu-
ted in the range of 2 to 6 nm, with a mean diameter of 4.2 nm (fig.
S6). It was found that the prepared catalyst NPs were mainly a cubic
Co-W-C n-carbide phase (Fig. 2 and fig. S7) due to the carbona-
ceous residue, while some hexagonal Co, W intermetallic NPs
could be obtained after long-time gas surging in a few cases (fig.
S8). In addition, the catalyst NPs were found to be n-carbides
under the growth condition of the CNTs of mixed C,H, and H,
at atmospheric pressure.

In Fig. 2A, the lattice of a Co-W-C with a diameter of 5.1 nm is
resolved. Diffraction spots corresponding to (33-3) and (4-40)
planes are identified in the FFT pattern (Fig. 2B), and the catalyst
could be indexed as the n-carbide phase along [112] zone axis. The
HRTEM image and FFT pattern are consistent with the simulated
image and pattern (Fig. 2, C to F). Energy-dispersive x-ray spectro-
scopy (EDS) maps (fig. S7, J and K) show that Co and W are evenly
distributed in the Co-W-C catalyst NPs. Detailed characterization
results are summarized in table S3. The measured d-spacings and
interplanar angles from the FFT patterns of the catalyst NPs are
well fitted to the ternary n-carbide phase with the typical errors
within 5% for the d-spacings and 1.2° for the angles.

Phase structure of Co-W-C alloy catalyst during CNT growth

The obtained Co-W-C alloy NPs were used as the catalyst for the
growth of CNTs in the windowed E-cell, and the growth process
was observed in situ by TEM. After the temperature was increased
to 850°C in a 1000 mbar H, atmosphere, a mixture of C,H, [0.1
standard cubic centimeter per minute (sccm)] and H, (1 sccm)
was introduced into the E-cell to initialize CNT growth (fig. S9).
The series of HRTEM images in Fig. 3 (A to E) show that a
SWCNT grows from a Co-W-C catalyst NP. During the growth,
the NP position was fixed, while the growth direction of the CNT

Fig. 1. Schematic and TEM image simulations of TWCNT-NP in an E-cell. (A) Schematic showing the cell structure and CNT growth process. E-beam, electron beam. (B)
Top view of the structural model of a TWCNT attached to a spherical CosW3C NP with a diameter of 5 nm situated on a 30-nm-thick SiN, membrane. (C) Simulations of the
HRTEM image and corresponding diffractogram of the TWCNT-CosW5C NP in (B). (D and E) Experimental HRTEM image and corresponding diffractogram of a TWCNT

growing from a cubic Co-W-C NP in the E-cell.
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Fig. 2. Structural characterization of the prepared Co-W-C alloy NPs. (A)
Typical HRTEM image of the prepared Co-W-C NPs. (B) FFT patterns of the NP
with the phase and zone axis marked. (C to F) Structure model, Fourier-filtered
HRTEM image, simulated HRTEM image, and electron diffraction pattern of the
Co-W-C NP along the [112] zone axis taking Co,W,C as an example.

was changed from time to time, indicating a base growth mode. The
SWCNT maintained a tangential connection to the surface of the
catalyst NP (movie S1). In addition to SWCNTs (fig. S10 and
movie S2), few-wall CNTs (FWCNTSs) with different numbers of
walls were also found to have grown from the solid alloy NPs by
the tangential growth mode (figs. S11 to S14 and movies S3 to
S5). The crystalline structures of the catalyst NPs were analyzed
by measuring the FFT patterns from the HRTEM images (Fig. 3,
F to J, and figs. S10 to S14) and comparing with the simulations
(Fig. 3, K to P, and figs. S10 to S14). They were identified as
single-phase n-carbides (table S3), which remained unchanged
during the growth of the CNT, while their zone axes kept on chang-
ing. In addition, the active phase was found to be the same for the
catalyst NPs with different sizes to grow CNTs with different
numbers of walls.

The phase structure of the catalyst NPs was further analyzed in a
statistical approach. One of the major challenges in identifying the
active phase of the Co-W-C catalyst is that there are many phases
with similar structures and lattice constants, such as cubic MgC
(Coy4xW,4_,C, x =0, 1, 2, n-carbides), cubic M;,C (CogW¢C, n-
carbide), and hexagonal CoW;C (CosWy,,Cy_,, k-phase) (21—
25). The lattice parameters of the cubic n-carbides are very close,
being 11.21, 11.112, 11.01, and 10.90 A for Co,W,C, CosW;C,
Co,W,C, and CogW¢C, respectively.

On the basis of the precise phase identification method that we
developed earlier (20), two n-carbides, including cubic M¢C
(Co,W,C/Co3W;C/Co W,C) and M ,C (CogWC) phases, for
the Co-W-C alloy catalyst during CNT growth were analyzed, and
the results are summarized in table S3 and plotted in fig. S15. It can
be seen that all the n-carbides are within a reasonable error range
(<5% for d-spacing and <2° for angle). The MC phases have
smaller errors than the M,,C, and the order of the errors is
Co3;W;C/CoW,C/Co,W4C < WCosC, ie., MgC < M;,C. Such
results are consistent with the structure characterizations of the cat-
alyst NPs after CVD growth of CNTs (figs. S16 and S17 and table
S4). The crystalline structures of the inactive catalyst NPs were also
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analyzed and found to be the same as that of the active catalyst NPs
(fig. S18). We noticed that a few NPs are identified as hexagonal
Co3;W,yC, after the CVD process (fig. S19 and table S5). Such
phase was not identified during the in situ growth of CNTs, indicat-
ing that it might be formed during the cooling process after
CVD growth.

Therefore, the most probable active phase of the Co-W-C cata-
lyst for growing CNTs is identified as a MC-type n-carbide phase.
Note that the d-spacing difference between M¢C and M;,C is within
3% (figs. S15 and S17), which is difficult to strictly distinguish by
TEM imaging especially under the dynamic growth conditions.
Therefore, at the current stage, we could not strictly exclude the pos-
sibility of the coexistence and fluctuation of the M4C and
M,,C phases.

Rotation of Co-W-C alloy catalyst during CNT growth

The interface structure between the catalyst and the grown CNT is
one of the essential issues for understanding the growth mecha-
nism. From our observations, the Co-W-C catalyst NPs showed
high stability regarding the physical state and particle shape. The
alloy NPs showed little deformation at 850°C, which is distinct
from the traditional transition metal catalysts (Fe, Co, and Ni)
(20, 26-31). However, it was found that the orientations of the
alloy NPs changed dynamically during the SWCNT growth. As
shown in Fig. 3, the initial catalyst NP changed its orientation
from [491] to [372] by 8.9° at 28.5 s (Fig. 3, F, G, K, and L). After
27.5 s, its orientation rotated 5.4° from [372] to [131] (Fig. 3, H and
M) around the [2-24] direction, as shown in the diagram (Fig. 3Q).
It then changed to [-4 11 3] and [141], with the shared crystal planes
(4-22) and (-1-15) remaining unchanged (Fig. 3, Hto ] and M to O).
Rotations of the catalyst NPs were also observed during the growth
of FWCNTs (Fig. 4 and figs. S20 and S21).

On the basis of the statistical analysis of the images of Co-W-C
alloy NPs during CNT growth, we found that the shared crystal
planes remaining unchanged are frequently the {511}, {422}, and
{331} families with a total probability of up to 67.5%, as shown in
table S6. In other words, the catalyst NPs tend to rotate around the
(511), (422), and (331) crystallographic directions during CNT
growth. From the powder diffraction patterns of the cubic Co-W-
C ternary carbides (fig. S22), it can be seen that {511}, {422}, and
{331} planes are among the four strongest peaks of M4C
(Co,W,4C/Co3W3C), and this may explain why these planes are
more frequently observed.

For these NPs without carbon coverage, we found that their ori-
entations rarely changed in the reaction atmosphere even under
electron beam irradiation at high temperature for a long time (fig.
$23), which rules out the influence of the electron beam for the ob-
served rotations. Therefore, the rotations of the catalyst NPs were
mainly attributed to their interactions with the growing CNTs.
From postgrowth structure characterizations, changes of the crystal-
line orientation of the catalysts have been analyzed and attributed to
the stress induced by graphitic layers (32, 33). From our in situ ob-
servations, it was noticed that the carbon layers could precipitate in
an asymmetrical manner, when a catalyst NP was rotating (fig. S24).
This asymmetrical precipitating behavior of the carbon layers may
cause inhomogeneous interface interaction and the rotation of the
catalyst NP.

It was also observed that the growing CNTs rotated frequently
with one end attached to the catalyst NPs. The relationship
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Fig. 3. Structural characterization of a Co-W-C alloy NP during SWCNT growth. (A to E) Typical HRTEM images of the NP during the growth of a SWCNT. (F to J) FFT
patterns of the NP in (A) to (E), with the corresponding phase and zone axes marked. (K to O) Simulated electron diffraction patterns with the same zone axes in (F) to (J)
taking Co,W,C as an example, while the corresponding crystal planes are marked in cyan circles. (P) Fourier-filtered HRTEM image and simulated HRTEM image of the NP
along the orientation in (E) taking Co,W,C as an example. (Q) Atomic model diagrams of the NP showing the rotation of the catalyst NP in (B) and (C). The rotation
direction of the NP is shown with a red curved arrow, and the practical rotation angle has been magnified by 10° for a better comparison. The reference C atoms are

marked in red circles.

between the rotations of the catalyst NPs and the CNTs was ana-
lyzed. It was found that they did not necessarily occur at the same
time, i.e., the NPs may rotate while the CNTs did not (fig. S25), or
that the orientations of the NPs remained unchanged while the
CNT rotated (fig. S26). In addition, they did not rotate around
the same axis. For instance, within 18.5 s, one catalyst NP
changed its orientation from [-102] to [-6 1 11] by 5.0° around
the [422] direction while the CNT rotated around the normal direc-
tion of the substrate (Fig. 4, A, B, E, F, 1, and ]), as is shown in the
diagram (Fig. 4M). During another period, the catalyst rotated from
[-419] to [-529] by 7.2° around the [331] direction (Fig. 4, C, D, G,
H, K, L, and N), and it was found that the range and speed of the
movements of the NP and the CNT differed a lot. The rotation
angles of the NP and the CNT as a function of time are plotted in
fig. S27. The CNT rotated continuously within a large angle range
(-30° to 30°). On the other hand, the rotation of the catalyst NP is
much slower. From the plot, it is interesting to notice that the rota-
tion period of the CNT seems related to the period of the NP rota-
tion. When the rotation of the CNT completed a period at around 6
s, the NP was observed to start to rotate from [-419] zone axis to
[-529]. The timing indicates that the rotations of the NP and the
CNT are correlated, which is a reasonable result of the asymmetrical

Wang et al., Sci. Adv. 8, eabo5686 (2022) 7 December 2022

precipitation behavior and inhomogeneous interface reaction
(fig. S24).

The rotations of the catalyst NPs indicate a weak interfacial in-
teraction between the catalyst NPs and the CNTs, which is different
from the previous understanding for the solid catalysts that there
should be highly stable CNT-NP interfaces that serve as templates
for the structural epitaxial growth of CNTs. From the statistics on
the interfacial orientation relationship of the NPs and the CNTs
during CNT growth, no fixed relationship could be found
between the growth directions of the CNTs and the crystallographic
orientations of the catalyst NPs (figs. S28 to S30 and table S7).

Growth kinetics of CNTs from Co-W-C solid alloy catalyst

The growth kinetics of CNTs play an important role in determining
their structures (34, 35). In situ TEM examination of the growth of
CNTs has been used to investigate the kinetics of CN'T growth from
traditional transition metal NPs (30, 36—-38). We found that the
growth kinetics of CNTs using Co-W-C solid alloy catalyst is
quite different from that using transition metal catalysts. The
CNTs grown from the high-melting point alloy catalyst followed
a base growth mode at atmospheric pressure, in contrast with the
commonly observed tip growth mode for the pure Co catalyst
under atmospheric pressure (fig. S31). There were fluctuations for
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Fig. 4. Rotation of a Co-W-C alloy catalyst NP during CNT growth. (A to D) Time
sequence HRTEM images of the NP during CNT growth. The rotation directions of
the CNT are shown with white curved arrows, and the rotation directions of the NP
are shown with red and cyan curved arrows. (E to H) FFT patterns of the NP in (A) to
(D). (I1to L) Simulated electron diffraction patterns with the same zone axes in (E) to
(H) taking Co,W,C as an example. The corresponding crystal planes are marked in
blue circles. (M) Atomic model diagrams of the CNT-NP showing the rotations of
the CNT and the catalyst NP in (A) and (B). (N) Atomic model diagrams of the CNT-
NP showing the rotations of the CNT and the catalyst NP in (C) and (D). The rotation
directions of the CNT are shown with black curved arrows, and the rotation direc-
tions of the NP are shown with red and cyan curved arrows. The practical rotation
angles of the NP models in (M) and (N) have been magnified by 10° for a better
comparison.

the growth of the CNTs from the Co-W-C catalyst NPs (movies S6
and S7). This incubation phenomenon has been observed in other
catalyst systems before (30, 36, 37, 39). The average growth velocity
of the CNTs from the Co-W-C catalyst was measured to be 2 to 5
nm/s (fig. S32), which is about two orders of magnitude slower than
that for the Co catalyst (fig. S31). Such a huge difference in the
growth velocity shows that the composition of catalyst is an impor-
tant factor affecting the growth kinetics and structure of CNTs.

To better understand the growth kinetics, the diffusion process
was theoretically investigated on the basis of the experimentally
identified phase structure of the active catalyst NPs (Fig. 5A).
Bulk diffusion in a solid carbide catalyst occurs by vacancy diffu-
sion, and the carbon diffusion activation energy is as high as 2.67
eV (Fig. 5B), which makes it difficult to support the growth of
CNTs. This indicates that the carbon supply for CNT growth
must take other diffusion paths, i.e., surface diffusion and interface
diffusion. We took the (111) plane as a representative plane to esti-
mate the activation energy of surface diffusion in the DFT calcula-
tions. As shown in the calculation results (Fig. 5C and fig. S33A), the
activation energy for carbon surface diffusion on the (111) plane of

Wang et al., Sci. Adv. 8, eabo5686 (2022) 7 December 2022

a CozW;C solid catalyst is 1.47 eV for [-110] direction and 1.66 eV
for [-1-12] direction, which would guarantee the supply of carbon
atoms for the growth of SWCNTSs and the outermost wall of
FWCNTs. For FWCNTS, the carbon supply for the growth of the
inner walls must be achieved by interface diffusion, where surface
carbon atoms reach the inner walls by crossing the CNT-NP inter-
face (20). The activation energies for interface diffusion were calcu-
lated to be 1.66 eV at the zigzag edge—CosW;C interface (Fig. 5D)
and 2.04 eV at the armchair edge-CosW;C interface (fig. S33B).
These energies are much lower than the abovementioned bulk dif-
fusion activation energies. The activation energies for both surface
diffusion and interface diffusion on Co;W;C are much larger than
that for solid Cos;C (E* ~ 1 e€V) (20), which could lead to orders of
magnitude difference in the carbon flux on the catalyst surface and
may affect the growth velocity of CNTs greatly. Estimation of the
diffusion-limited growth velocity (Supplementary Text) shows
that surface and interface diffusion could supply enough carbon
atoms for CNT growth.

DISCUSSION

The growth process of CNTs from Co-W-C solid alloy catalyst at
atmospheric pressure was investigated by using a windowed gas
cell in a Cs-corrected TEM. The active phase of Co-W-C catalyst
was identified to be a single-phase cubic n-carbide phase that re-
mained unchanged during CNT growth. Rotations of the catalyst
NPs were observed, indicating a weak interfacial interaction
between the solid catalyst and the growing CNTs. This fact suggests
that it may be difficult to achieve the structure-controlled growth of
CNTs solely relying on the structural template function of the solid
alloy catalyst, while there is no fixed orientation relationship
between the catalyst NPs and the growing CNTs. The growth rate
of the CNTs from the alloy catalyst was found to be two orders of
magnitude slower than that from the pure Co catalyst, which shows
that the growth kinetics of CNTs are related to the composition of
the catalyst. DFT calculations showed that the supply of carbon
atoms for CNT growth from the solid alloy catalyst is through the
surface and interface diffusion.

MATERIALS AND METHODS

Preparation of catalyst

The Co-W-C alloy catalyst NPs were prepared by ion sputtering.
Metallic Co and metallic W with certain nominal thickness ratios
(Co:W = 0.2 nm:0.3 nm, 0.4 nm:0.6 nm, and 0.3 nm:0.7 nm) were
sequentially deposited by an ion sputtering coater (Gatan 681) onto
the bottom chip of the windowed E-cell system. The catalyst film
supported on the chip was then annealed at 850°C in a H, atmo-
sphere for 10 min to form Co-W-C alloy catalyst NPs.

Ex situ characterization of the prepared catalyst

To conduct the EDS analysis of the prepared Co-W-C alloy catalyst,
Co and W with thickness ratios (Co:W = 0.4 nm:0.6 nm and 0.3
nm:0.7 nm) were sputtered onto a SiN, micrograte (from CleanSiN)
followed by 10 min of annealing at 850°C in a H, atmosphere. High-
angle annular dark-field (HAADF)-STEM and EDS mapping were
carried out on a TEM (300 kV, FEI Titan Themis) with a Cs probe
corrector and a HAADF detector.
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Fig. 5. Calculations of the diffusion paths for CNT growth from Co-W-C alloy catalyst. (A) Diagram showing the three possible paths for carbon diffusion during CNT
growth from a solid alloy catalyst: (i) bulk, (ii) surface, and (iii) interface. (B) Top view of the bulk diffusion process and the minimum energy path (MEP) in a CosW5C solid
NP. (C) Top view of the surface diffusion process and the corresponding MEP in the [-110] direction for Co3W5C (111) plane. (D) Top and perspective views of the interface
diffusion process between a zigzag CNT edge and the Co3W-C surface and the corresponding MEP. Cyan spheres represent W atoms, and purple spheres represent Co
atoms. The gray, pink, red, and dark red spheres all denote C atoms, where the pink spheres are the C atoms at the initial and final states, the red spheres are C atoms in
intermediate states, and the dark red spheres are C atoms in transition states, corresponding to those in the MEP figures.

In situ TEM experiment

A windowed E-cell system (DENSsolutions Climate S3+) (including
a sample holder with a closed cell, a gas supply system, and a heating
control unit) was used to conduct the in situ TEM experiments. The
reaction cell is made up of a bottom chip, a top chip, and O-rings
serving as a micro-CVD assembly for CNT growth. Two SiN,
windows of 30 nm thickness on the top and bottom chips allow
the electron beam to pass through and serve as an observation
window. The maximum temperature is 1000°C, and the
maximum pressure is 1000 mbar. A Cs-corrected TEM (FEI Titan
Themis) operated at 300 kV was used to observe the growth of the
CNTs. The screen current was set as 2 to 2.5 nA (with a correspond-
ing dose rate of about 3.6 x 10> to 7.4 x 10° e/A%s). A Ceta camera
was used to acquire the TEM images and movies, and the exposure
time was set as 0.25 to 1 s. A mixture of C,H, and H, (with a cor-
responding flow rate ratio = 0.1 sccm:1 sccm to 0.2 sccm:1 sccm)
was introduced into the E-cell system for CNT growth. The
growth temperature was set as 850°C, and the growth pressure
was 1000 mbar.

Wang et al., Sci. Adv. 8, eabo5686 (2022) 7 December 2022

Ex situ growth of CNTs in CVD

Co and W were sequentially sputtered onto the SiN, micrograte
with thickness ratios of 0.2 nm:0.3 nm and 0.3 nm:0.7 nm. The
grids were then transferred into a tubular furnace, followed by a re-
duction pretreatment at 850°C for 10 min to form Co-W-C alloy
catalyst NPs. C,;H;OH was used as the carbon source, and a
mixture of C,HsOH (Ar)/H, (flow rate = 30 sccm:60 sccm) was in-
troduced into the furnace for CN'T growth. The growth temperature
was 850°C, and growth time was 10 to 15 min.

Phase identification

The crystal planar spacings (d;, d,, and d;) and corresponding in-
terplanar angles (8;, and 6,;) were measured from the FFT patterns
transformed from the HRTEM images. The measured d-spacings
and angles were then compared with the standard data of candidate
phases in the Inorganic Crystal Structure Database (ICSD). The in-
formation for Co,W,C was obtained from SpringerMaterials. The
structure data of Co, W were obtained from the Automatic FLOW
(AFLOW) database.
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Electron diffraction pattern simulation

The crystal models were constructed by using CrystalMaker and
VESTA based on the CIF files of the phases acquired from the
ICSD. The simulated electron diffraction patterns were obtained
using SingleCrystal combined with CrystalMaker. The crystal thick-
ness was set as 10 nm, and accelerating voltage was set at 300 kV,
consistent with the operating voltage for observation.

HRTEM image simulation

The amorphous SiN, models were acquired by the molecular dy-
namics calculation with a rapid cooling process being carried out
on the melted Si;N, materials (which were constructed by randomly
packing atoms with a specified atomic ratio of Si/N). The structural
models of the CNTs, Au, Co, Co,Ws, and CosW;C NPs for TEM
image simulations were built using Materials Studio. HRTEM
image simulations for the CNTs and metal NPs were performed
using the Quantitative STEM simulation package (40). The
voltage was set as 300 kV, and the spherical aberration C; value
was set as 0.001 mm for the CNTs, Au, Co, Co, W, and CosW;C
NPs and 1 mm for the Co,W,C NPs. The slice thickness was set as
around 1 A (with the total number of slices ranging from 200 to
500). The convergence angles for the simulations of metal NPs
(Au, Co, Co;Wyg, and Co3W;C and Co,W,C) were set as 1 mrad,
and the convergence angles for the CNTs or CNTs attached to
Au and Co3;W;C NPs were set as 10 mrad, to obtain the best
imaging contrast.

DFT calculation

DFT calculations were performed using the Vienna Ab initio Sim-
ulation Package (VASP) (41-43) with the projected augmented
wave method (44) and the generalized gradient approximation for
the exchange-correlation interactions (45). The Brillouin zone was
sampled with different Monkhorst-Pack mesh k-points with a sep-
aration criterion of 0.02 (46). Criteria for energy and force conver-
gence were 107 eV and 1072 eV/A, respectively. The diffusion
barriers were calculated using the climbing image nudged elastic
band method (42, 44, 47) with a 400-eV plane-wave cutoff
energy. The calculations of the free energies for the phase
diagram were performed using Phonopy (48, 49) and VASP with
a 600-eV plane-wave cutoff energy.
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