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ABSTRACT: We use an environmental transmission electron microscope to record atomic-scale
movies showing how carbon atoms assemble together on a catalyst nanoparticle to form a
graphene sheet that progressively lifts-off to convert into a nanotube. Time-resolved observations
combined with theoretical calculations confirm that some nanoparticle facets act like a vice-grip
for graphene, offering anchoring sites, while other facets allow the graphene to lift-off, which is

the essential step to convert into a nanotube.

TEXT: Single-walled carbon nanotubes (SWCNTSs) continue to be one of the most desirable
materials for nanotechnology device integration.! For example SWCNTSs exhibit high on/off
current ratios, large charge carrier mobilities and high current carrying capacity making them
ideally suitable for making nanoscale transistors.? 3 Yet limited SWCNTSs based technologies
have emerged on the market because of the lack of control on the structure of SWCNTSs, i.e.,
diameter, defect density, length and chiral angle. During SWCNTSs growth, the nucleation step,
which sets the stage for the addition of subsequent atomic building blocks, is crucial because the
precise arrangement of carbon atoms controls their opto-electronic properties.* Theoretical
simulations have shown that during carbon nanotube synthesis by catalytic chemical vapor
deposition (C-CVD), the carbon precursor is decomposed on the catalyst surface generating
carbon atoms that assemble first into a graphene nucleus via sp? hybridization.® The graphene
nucleus then propagates on the catalyst nanoparticle surface and progressively wraps around the
nanoparticle surface converting into a hemispherical cap via incorporation of carbon pentagons
in the initial honeycomb structure.®® The structure of the cap at the time of its lift-off determines
the chirality of the SWCNT, which should remain the same as more carbon atoms are added to
the tubular structure, as long as the thermodynamic conditions do not change.® 1°Although these

simulations provide a fundamental framework for nanotube growth,'*3 they lack connectivity to



experimental growth conditions. For example, most of the simulations are performed on a free-
standing catalyst particle, ignoring the catalyst-support interactions, and at a significantly higher
temperature compared to the typical C-CVD experimental conditions. Moreover, in situ atomic
scale observations have elucidated some salient features of carbon nanotube growth that were in
direct conflict with theoretical predictions, e.g. nanotubes grow from solid particles,** %° the
structure of catalyst particle can be metal carbide.'® " Therefore direct atomic scale observations
are needed to elucidate the nucleation and growth process of single walled carbon nanotubes

under growth conditions.

The main challenge for direct imaging of nucleation is that it involves a small number of atoms
and a short time scale, and thereby requires a combination of high spatial and temporal
resolution. We have overcome this constraint by reducing the growth rate to harmonize with the
temporal resolution of our recording media. We have employed an environmental scanning
transmission electron microscope (ESTEM),*® equipped with an image corrector and a digital
video recording system, to follow SWCNT growth using a low pressure of acetylene (C2H2) as
the carbon source and a Co-Mo/MgO catalyst (Materials and Methods in Supporting
information).Ref Figure 1 shows time resolved high resolution images extracted from a video
(Supporting information Movie S1) recorded at a frame rate of 6 s at 625 °C in 0.005 Pa of
C2H2. A number of nanoparticles, ranging from 1 nm to 2.5 nm in size, oriented along low index
zone axes on MgO are visible within a recorded 20 nm x 20 nm area. Most of these nanoparticles
were active for nanotube growth (Supporting information Movie S1). Two-dimensional lattice
resolution in most of the particles, marked as P1 and P2 in Figure 1 and P3, P4, P5 and P6 in
Supporting Information Figure S2, is maintained throughout the observation period of 104 s. At

the start of our video recording (Time = 0 s) the structures of P1 and P2 were CosC and CoO,



respectively, as determined from the Fast Fourier transforms (FFT) of the images (Materials and
Methods and Figure S1 in Supporting Information). After 58 s, P1 converted into Co2C, a carbon
richer phase and P2 converted into CosC (Figure 1b).° This transition of metal oxide to metal
carbide indicates that P1 may have converted to CosC before we started recording the video. In
general all nanoparticles converted to Co2C structure before nanotube nucleation. Iron carbide
formation during carbon nanotube growth has been previously observed,'® 17 but similar direct
evidence for cobalt carbide had not been reported. A number of other particles, active for CNT
growth (Figure S2, S3 and Table S2) were also measured to ensure the structure identification of
active particles as the structures of CosC and Co2C are very similar and undistinguishable in
certain orientations. These measurements confirmed Co2C structure as the active phase for

nanotube nucleation here.

Although the nominal composition of the catalyst contains Mo?° which was confirmed by energy
dispersive x-ray analysis and electron energy-loss spectroscopy of large catalyst/support areas
but we did not find any Mo in active catalyst particles. Therefore we do not have direct

experimental evidence to decipher the exact role of Mo for SWCNT growth.

Higher magnification images, extracted from Supporting Information Movie S2, of nanoparticle
marked as P2 in Figure 1 are shown in Figure 2. The Co2C nanoparticle is orientated along the
zone axis and is bound by {020} and {210} planes in projection (Figure 2a and 2e). We first
observe a graphene embryo to nucleate on the corner of Co2C020y and C02C210) surfaces (Figure
2a) and spread over the Co2C210) surface during the growth (Figure 2b). The observed bending of
the growing graphene is proposed to be stabilized by the insertion of pentagons,?* which is the
first step in forming the hemispherical cap. The graphene is in close contact with Co2C 020
surface but is slightly lifted from Co2C210) which is confirmed by the average measured distances
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of (0.15 + 0.01) nm”and (0.26 + 0.01) nm” (Figure 2m). With its left side anchored to the
Co02C(020) surface, the lateral expansion occurs via atomic scale jumps of its right edge on

C02C 210y (Figure 2b-d, f-h). This expansion of tube diameter may also be favored by the
reduction of the curvature energy.??> Once the graphene reaches the second Co2Co20) surface,
both sides are anchored to Co2C020) surfaces (Figure 2i,k). In a remarkable process, the
incorporation of additional carbon atoms results in cap lift-off on the (210) plane and nanotube
growth, while the sides stay anchored to the {020} surfaces. At this point, the nanotube cap
structure is determined and the elongation starts with well-defined diameter and chiral angle
(Figure 2j,1).12 It is interesting to note that on {210} surface C atoms are separated by four Co
atoms. Therefore a facet with less than four atoms may have only Co atoms and also provide

anchoring point (Figure 2k).

The anchoring of graphene on Co2C020)and its detachment from Co2C210) surfaces observed here
in the 2D images can be explained by density functional theory (DFT) calculations, where full 3-
D nature of the graphene/nanoparticle interaction can be explored. The Co2C {020} and {210}
surfaces are identified as Co terminated and Co-C terminated, respectively (Materials and
Methods, Figure S3 and Figure S4 in Supporting Information), which are reported to be stable
terminations for these surfaces.? The distances between the graphene sheet and these two
surfaces, and the corresponding work of adhesion values were calculated starting from the
models as shown in Figure 3a and 3c. After relaxation, the graphene sheet is almost flat and in
close contact with Co terminated {020} surface. The calculated distance between graphene and
the nanoparticle ranges from 0.180 nm to 0.202 nm (Figure 3b). On the other hand, it forms a
dome on Co-C terminated {210} surface with calculated distances of 0.191 nm on the edge and

0.309 nm at the center, respectively (Figure 3d). These values are in close agreement with



experimental measurements (Figure 2m). The calculated work of adhesion for graphene on Co
terminated {020} surface is higher than for Co-C terminated {210} surface with corresponding
values of adhesion to be -26.5 eV nm2 and -14.4 eV nm, respectively (Table S2 in Supporting
Information). Therefore, the nanoparticle surface termination plays a critical role in determining
the work of adhesion between graphene and the nanoparticle: a Co terminated surface favors
graphene anchoring, providing a ‘vice grip’ like hold, while a Co-C terminated surface promotes
graphene detachment and cap lift-off. In both simulation and experiment, the central part of the
graphene sheet is observed to be lifted from the {210} surface, but the edge of the graphene
sheet is maintained in close contact with {210} surface forming a convex-like structure. Despite
a low work of adhesion, the growing structure remains attached at its edge. This can be explained
by the presence of dangling bonds at the graphene edges which tend to bind with the nanoparticle

to be stabilized.

In summary, we have illustrated how atomically resolved dynamic imaging, combined with
theoretical calculations, provide essential insights into nanomaterial nucleation and growth
process. We find that catalytically active nanoparticles possess adjacent surfaces with dissimilar
works of adhesion for graphene. We propose that this disparity between facets is essential for
CNT growth as it offers the necessary combination of anchoring and lift-off sites. This favors the
conversion of the graphene nucleus into a nanotube and prevents nanoparticles from
encapsulating, which is one of the major causes of catalyst deactivation and reduction in CNT
synthesis yield.?*2?® These first atomic scale observations show that, since the nanotube cap
structure and the diameter are controlled by nanoparticle facet geometry, the chirality will also
be determined at this stage. In future this information can be used to design a catalyst/support

system for large scale synthesis of single walled CNTs with pre-defined chirality. A prerequisite



for achieving this control is a strong catalyst/support interaction to preserve the distinct
nanoparticle facets under growth conditions, as observed in our Co/MgO system. We believe that
associating this type of catalytic system with a very narrow nanoparticle diameter distribution is
essential for deterministically obtain SWCNTSs with specific diameters and chiralities, and thus
specific opto-electronic properties. Such experimental atomic resolution movies provide a

consistent nano-scaled input for growth simulation models.



FIGURES

Figure 1. Structural transformation of catalyst nanoparticles after C2H: introduction. (a, b, ¢) A
series of high resolution images extracted from a digital video (Supporting Information Movie
S1) recorded after introducing 0.005 Pa C2H2 at 625 °C. FFTs from the particles P1 and P2
regions (insets) are used for structure identification. Structure of P1 converted from CosC (a) to
Co2C (b) while P2 changed from CoO (a) to CosC (b) and then to Co2C (c) before nucleating
SWCNTs. The white arrow in FFT of particle P2 indicates the contribution from MgO support.

Scale bars are 5 nm.



Figure 2. In situ time-resolved ETEM observation of SWNT nucleation and growth. (a, b, ¢, d)
(1) (j) A series of images extracted from Supporting Information Movie S2 of a Co2C showing
SWCNT growth. (e, f, g, h) (K) (I) Corresponding atomic models. The active surfaces of the
catalyst are identified to be {020}c and {210}. The red lines indicate the stronger adhesion
between graphene and metal on the two Co2C020) surfaces and black line shows slightly lifted
graphene from {210} surface that results in the formation of cap and growing SWCNT. The

arrows are guiding the growth directions. (m) Snapshot showing the average distances between



the growing structure and the {020} and {210} catalyst surfaces before the nanotube lift-off.

Scale bars are 1 nm.
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Figure 3. Models used in DFT simulation of graphene relaxation on C02C020) and C02C210)
surfaces. (a) (c): Graphene sheets were initially placed at a distance of 0.245 nm from a Co
terminated Co02Co20) surface and at the same distance from a Co-C terminated Co2C210) surface,
respectively. After relaxation of graphene on Co2C surfaces, distance changes to 0.180 nm to
0.202 nm from Co02Co20) (b) and to 0.191 nm to 0.309 nm from Co02C210) (d). These distances are
in close agreement with the measured distance (Figure 2m). For each panel, a 3D view (left) and

a side view (right) are proposed for visual clarity.
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1. Materials and Methods

1.1 High resolution ESTEM

We employ an environmental scanning transmission electron microscope operated at 300 KV,
equipped with an image corrector and a charge coupled digital (CCD) camera to record atomic-
resolution videos under reaction conditions. Co-Mo/MgO catalyst powder was provided by Prof.
Zafar.! A drop of catalyst suspension in isopropanol was deposited on a SiC membrane heating
chip. The sample was loaded in the microscope and heated to 750 °C in 10 Pa of O2. After 15 min,
the sample was cooled to room temperature and Oz flow was terminated. The sample was then
heated to 625 °C and 0.005 Pa of C2H2 was introduced. The videos were recorded at a frame rate
of 6 s at an electron dose of 10° nm?s* which was not found to significantly affect the growth
process, as the same carbon nanotube structures formed in the regions exposed and unexposed by
the electron beam.

1.2 DFT calculations

The work of adhesion for the Co carbide surfaces was obtained through density functional theory
(DFT) calculations using the Vienna ab initio simulation package, VASP #* with the projector
augmented wave (PAW) pseudopotential for the core electrons, plane-wave basis set with a cutoff
energy of 400 eV for the valence electrons.

The surfaces were obtained by cleaving the initial structure of the carbide ° along the planes (020)
and (210) using Materials Studio °. Four slabs were generated, two with Co or C terminated (020)
surfaces and other two with Co or Co-C terminated (210) surfaces. Each of them was composed
of 36 Co atoms and 18 C atoms maintaining the stoichiometric ratio Co2C. The atoms were
distributed in six layers, of which the two bottom ones were fixed to simulate the bulk whereas the
surface layers were allowed to relax. The dimensions of the simulation cells were 0.9 nm x 0.9 nm
x 1.8 nm for the (020) surface and were 0.9 nm x 1.0 nm x 1.8 nm for the (210) surface. Periodic
boundary conditions were applied in the X, y, and z directions to resemble an infinitely long slab
in the x and y directions but separated from its periodic image in the z-direction by a 1.3 nm
vacuum gap. Graphene was modeled as a non-periodic fragment containing five hexagonal rings,
so that the lattice could freely accommodate itself to the carbide surface. The graphene fragment
has dangling bonds at its rim. Each structure was optimized separately using a conjugate-gradient
algorithm to relax the atoms to their ground state. After convergence the graphene was placed on
top of each surface at a distance of 0.245 nm and optimized for structural relaxation. The
convergence criteria for the electronic self-consistent loop was set to be 10 eV and for atomic
relaxation 10 eV. The work of adhesion is the energy per unit area necessary to bring two free
surfaces into contact. We estimated the work of adhesion from the following relation ’.



EC02C+g'r'aph - (ECc:zC + Egmph)
A
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The free energies of the individual systems Co2C and graphene were subtracted from the energy
of the combined system and divided by the contact area.

1.3 Structure lIdentification Method

High resolution images were extracted from the Movie S1 (Fig. S1A) for structural analysis using
fast Fourier transformation (FFT or digital diffractogram) (Fig. S1B). Measured d-spacing and
angles were matched with known phases containing Co, O, Mg, and C using a software, called
CrystalSphere, developed at NIST (https://gitorious.org/crystal-ball-plus). The structures of
known phases were retrieved from JCPDS files available at http://wwwe-i.ncnr.nist.gov/icsd/. In
the first step, the program uses these files to match all measured d-spacing to the same phase within
a specified error and identifies the crystal planes (Table S1). After that, the measured angles
between the planes, selected in the first step, are matched. In the final step, a zone axis is assigned.
A structure match is assigned only if all (two or more) measured d-spacing, the angles between
them, and a common zone axis are matched to a known phase. The structure was further confirmed
by matching FFT with a calculated diffraction pattern of the assigned phase (Fig. S1C).

A number of other particles, active for CNT growth (Figure S2) were also measured to ensure the
structure identification as the structures of CosC and Co2C are very similar and undistinguishable
in certain orientations. Since high resolution images extracted from a video sequence have low
signal to noise ratio (SNR) due to short exposure time (0.167 s). As a result measured values for
d-spacing and angles obtained from the FFTs are subject to large uncertainties, i.e. + 0.10 A for
the d-spacings and + 3 ° for the angles (standard deviations obtained from ten independent
measurements). In order to improve the SNR and thereby minimize the measurement errors,
twenty consecutive frames were drift-corrected and summed before FFT analysis. As shown in Fig
S3, this simple image processing significantly decreased the noise in both the image and the
associated FFT. Moreover, we use digital script to find the center of the intensity peaks in the FFTs
to further improve the measurement accuracy. As a consequence, the uncertainties drop down to
+ 0.03 A for the d-spacings and + 0.7 ° for the angle (standard deviation obtained for ten
independent measurements). Results are given in Table S2. It is interesting to note that although
the FFTs could be indexed for both structures (Table S2), the measured values are much closer to
the reported values for Co2C than for CosC. Based on our detailed analysis, the structure of active
particles was assigned to be Co2C and a crystal structure model was built based on the FFT analysis
result to identify the surface planes and their structure that defines the nanoparticle geometry (Fig.
S4).



1.4 Determination of the nanoparticle surface termination

A graphene sheet is placed at a distance of 0.245 nm from the {020} and {210} facets of C02C
structure models as shown in Fig. S5A and S6A. After graphene relaxation on the carbide surfaces,
calculated distances of the graphene sheet to the Co-terminated {020} (Fig. 3B) and Co-C
terminated {210} (Fig. 3D) surfaces are in good agreement with the experimental values (Fig. 2M
in main text). On the contrary, a significant discrepancy between experimental and calculated
values is observed for C-terminated {020} (Fig. S5B) and Co-terminated {210} (Fig. S6B)
surfaces. This confirms that the nanoparticle has Co-terminated {020} and Co-C terminated {210}
surfaces. This attribution is also in good agreement with the theoretical simulation reported by
Zhao et al.® which showed that {010} planes are energetically more favored to be Co terminated.

2. Supporting Figures

Zone axis [100]

Figure S1. Structure identification. (A) An image extracted from Movie S1, with a boxed region
containing the particle. Scale bar is 5 nm. (B) The FFT of the box area. Measured d-spacing and
angle between {031} and (002) of the nanoparticle matched with CosC structure oriented along
[100] zone axis. Faint spots from MgO (support) are pointed out by an arrow. (C) Calculated
diffraction pattern of CosC in [100] zone axis.



Figure S2. Structure identification. For each labelled nanoparticle, the corresponding measured d-
spacings and angles between crystal planes can be found, with the values from JCPDS data source,
in Table S2.

Figure S3. Structure identification. (A) Single frame extracted from Movie S1. (B) An image
after summing 20 drift corrected frames. For each image, the FFT from area marked with purple
square (NP4) is presented in the top left inset.



Figure S4. Crystal structure models. (A) High resolution TEM image of CosC and corresponding
structure model showing the indices of the surface planes (B). (C) High resolution TEM image of
Co2C with corresponding structure model showing the indices of the surface planes (D).
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Figure S5. The distances of graphene to C-terminated Co2C {020} surface before and after
relaxation are 0.245 (A) nm and 0.277 nm (B), respectively.
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Figure S6. The distances of graphene and Co-terminated Co2C {210} surface before and after
relaxation are 0.245 nm (A) and 0.170 nm - 0.205 nm (B), respectively.



3. Supporting Tables

Table S1. Comparison of measured d-spacings and angles between crystal planes from the FFT
with the values from JCPDS data source (noted as “reference d-spacing” and “reference angles™).

Measured Reference _ Angle  Reference
_ ) ) Error*  Miller Error  Zone
Matching | d-spacing d-spacing between  Angle )
(%) plane ®) axis
Structure (A) (A) planes )
CosC 1.91 2.01 -488 (031) 0 0
[100]
2.31 2.23 226 (002) 125.0 117.0 8.0
Co2C 2.12 1.99 6.32 (210) 0 0
[001]
2.36 2.21 6.64 (020) 56.4 63.0 -6.6

* All measurements are given as (mean * one standard deviation), standard deviations are
determined from multiple measurements.



Table S2. Structure determination of different particles during the growth. Comparison of
measured d-spacings and angles between crystal planes from the FFT with the values from
JCPDS data source (noted as “reference d-spacing” and “reference angles”) for the nanoparticles
marked P1, P3, P4, P5 and P6 in Figure S2.

NP / Measu-red Referef\ce Error* Miller Measured | Reference | prror Zone
d-spacing d-spacing angle Angle .
Reference (A) (A) (%) plane (o) (o) (n) axis
] a/b a/b
NP1/ 2.36 2.439 -34 a:(101) 524 56.93 -4.5
Co,C b/c b/c
B . N 010
2.23 2.235 0.1 b:(200) 56 1 56.93 09 [010]
) a/c a/c
2.40 2.439 -15 c:(10-1) 108.5 113.86 -5.3
] a/b a/b
2.36 2.382 -14 a:(121) 524 58.16 -5.7
NP1/
) b/c b/c
CosC 2.23 2.258 -1.2 b:(0 0 2) 561 5816 21 [210]
_ a/c a/c
2.40 2.382 08 «c(121) 108.5 116.33 -7.8
) a/b a/b
2.45 2.432 09 a:(011) 492 56.68 -7.5
2.15 2.213 -2.8 b:(0 2 0) 535 56.68 1.8
2.54 2.432 a4 011 e afc 5.6
) ) ) ) 107.7 113.35 )
] a/b a/b
2.45 2.382 30 a:(121) 492 58.16 -8.9
) b/c b/c
2.15 2.258 -4.7 b:(0 0 2) 585 5816 03 [210]
_ a/c a/c
2.54 2.382 6.5 c(121) 107.7 116.33 8.6
2.44 2.439 0.2 (101
a: ) a/b a/b
53.2 56.93 38 [010]
2.23 2.235 -0.2 b:(2 00) ) '
2.44 2.382 24 a:(121)
sas/bz sas/?s =5 [210]
2.23 2.258 1.3 b:(00 2) ) '




) a/b a/b
2.45 2.432 0.8 a:(011) o5 56 68 2.2
. b/c b/c [100]
2.26 2.213 1.9 b:(02 0) s 56 68 2.0
237 2.432 24 11 2° afc 4.1
' ' ' ' 109.2 113.35 '
] a/b a/b
2.45 2.382 28 a:(1-21) o5 5816 3.7
b/c b/c
2.26 2.258 0.1 b:(002) 54.7 58.16 3.5 [210]
) a/c a/c
2.37 2.382 03 c(-121) 109.2 116.33 7.1
2.35 2.432 32 a(011
a: ) a/b a/b
50.8 56.68 =9 [100]
2.24 2.213 0.1 b:(020) ' :
2.35 2.213 6.4 a:(201) +/b a/b
50.8 58.68 7.9 [010]
2.24 2.213 1.2 b:(20 -1) ' :
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Table S3. Results obtained from DFT calculations for the work of adhesion between graphene
and Co-terminated {020} and Co-C terminated {210}. Four different initial positions of the
graphene sheet on the two carbide surface have been tested. Both adhesion processes are favorable,
since the combined system (graphene on Co2C) has lower energy than the individual systems.
However, the {020} surface presents a stronger interaction than the {210} surface in all cases. The
average work of adhesion values are -26.496 eV nm2and -14.386 eV nm for the {020} and {210}
surfaces, respectively.

Energy (eV) Surface (test 1) Surface (test 2) Surface (test 3) Surface (test 4)

(020) (210) (020) (210) (020) (210) (020) (210)
Co.C -3569.472 | -361.605 | -359.472 | -361.605 | -718.943 | -482.148 | -718.943 | -482.148
graphene -145.916 | -145.916 | -145.916 | -145.916 | -145.916 | -145.916 | -145.916 | -145.916
Combined -516.268 | -512.367 | -516.150 | -513.897 | -876.197 | -633.724 | -875.036 | -634.620
Waan (€V nmM2) | -26.737 -11.898 -26.423 -15.654 -27.837 -13.896 -24.986 -16.096
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Movie S1. High resolution movie recorded at 0.005 Pa of C2Hz, and 625 °C, showing multiple
catalyst nanoparticles during nucleation (frame rate of 6 s%).

Movie S2. High magnification movie extracted from Movie S1 showing the atomic scale
structure of P2 during graphene nucleation and showing its conversion into a single-walled carbon
nanotube.
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