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ABSTRACT: Transition of metal-to-metal carbide plays a key role in
heterogeneous catalysis. We confined nickel nanocrystals in single-walled
carbon nanotubes, stimulated delivery of carbon atoms by the 80 keV
electron beam, and imaged the entire carbonization process by time-
resolved aberration-corrected transmission electron microscopy at the
atomic scale. Metal nanocrystal Ni,, progressively capturing carbon
atoms evolved from pure metal to Ni,C,, and then to Ni,;C,o. The
carbonization is accompanied by changes in the structure of the crystal,
including a two-dimensionalization process, at the Ni,C,, stage. This
work provides valuable insights into the atomic mechanism of metal
carbide formation, which may help to develop stable catalysts and
provide a reliable route for synthesizing metal-based two-dimensional
materials.
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. . . the carbonization of metal particles, leading to the formation of
can be effective as a cocatalyst in the dry reforming of
methane'” or the copolymerization of olefins.”® It is also
regarded as a low-cost replacement catalyst for cross-coupling
reactions as compared with palladium.'* Nickel and other
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specific surface area, activity, and chemical stability of the
catalyst. Reducing the carbonization of nickel in the catalytic

transition metals have also been widely used as catalysts for
producing carbon nanotubes (CNT)'® and graphene.'®"”
During catalytic processes, the strong bonding between carbon
atoms and transition metal substrate leads to the formation of
metastable carbides, which affects the formation rate and
growth mode of graphene.'®' For the catalytic growth of
CNTs, metallic nickel catalysts exhibit optimal catalytic
performance in governing both the growth kinetics and
morphological dimensions of CNTs, whereas the formation
of interfacial carbide phases inevitably compromises the
continuitgr of catalyst-CNT interfaces during the growth
process.”’>* Catalyst deactivation is a significant challenge
in all of these applications. At high reaction temperatures in
carbon-rich environments, the main pathways of catalyst
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process is very important to maintain the activity of the nickel-
based catalyst, which requires a thorough understanding of the
mechanism of nickel carbonization. Thus, real-time observa-
tion of the atomic-scale metal carbonization process would be
necessary to provide important guidance for the design of the
next generation of stable metal catalysts.
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Figure 1. Typical time series of AC-TEM images showing the carbonization process of nickel nanocrystal in the SWNT selected from Video
S1 with an exposure time of 1 s per frame. The pure nickel crystal gradually carbonized and cut the SWNT under electron beam irradiation
in 324 s (Figure S1). Yellow box in O s represents amorphous carbon, and red box represents pure nickel nanocrystal at the start of the
process. Green arrow at 20 s represents the van der Waals gap. Yellow box in 82 s represents the bonding between partially carbonized
nanocrystals with the outer wall of SWNT. Red box in 179 s represents the two-dimensionalization structure of nanocrystals. The yellow box

in 212 s represents the defects of the outer SWNT.

Figure 2. Analysis of the atomic structure of the nickel nanocrystal confined in the SWNT at the initial state (0 s in Figure 1). (a) Structural
diagram including 40 nickel atoms at the initial state. (b) The whole model diagram of a nickel nanocrystal in SWNT. (c) End-on view of the
model diagram. Yellow lines indicate the van der Waals gap. (d) Experimental image at 0 s and (e) corresponding simulation image based on
the model in part (b), view along [100] direction of nickel fcc lattice, distances between rows of nickel atoms are 0.17 and 0.18 nm.

Previous studies have revealed the phase transitions and
structure evolution of transition metals during the process of
carbonization using in situ X-ray diffraction (XRD),” in situ X-
ray photoelectron spectroscopy (XPS), and in situ Raman
spectroscopy.”” In relevant works, nickel—carbon phase
diagram at the nanoscale, carbon solubility in nickel, stability,
and wetting properties of nickel carbides have been studied.
Among them, DFT calculations have been applied to
determine the influence of particle size on the structure and
stability of nickel carbides.””**7*> However, the present
studies about metal carbonization are mostly focused on the
catalyst,”* ™ and the atomic mechanism for the carbonization
process of metal is still unclear.””” In our previous works, we
have systematically studied the interaction between metal
nanoparticles and single-walled carbon nanotubes (SWNTs). It
has been shown that metal nanoparticles can be entrapped in
SWNTs, and that the structural evolution, nucleation behavior,
and interactions with carbon can be stimulated and
characterized at the atomic level by aberration-corrected
transmission electron microscopy (AC-TEM) time-resolved
imaging.”*~* In this work, we applied this method to nickel

nanocrystals for investigating the carbonization process. Our
observations of the phase transition, structure evolution, and
crystallinity change for nickel nanocrystals shed light on the
mechanism of metal carbonization on the atomic scale.

RESULTS AND DISCUSSION

The time series images (Figure 1) show the gradual
carbonization process of nickel nanocrystals confined in a
SWNT under 80 keV electron beam irradiation (Video S1).
The diameter of the host SWNT was measured to be 1.40—
1.44 nm, with a chirality of (m = 15, n = S) (Figure S2). We
constructed the SWNT model and carried out the AC-TEM
simulation by QSTEM (Figure S3). The SWNTs in our
experiments are measured using a line profile with a diameter
of 1.2—1.5 nm (Figure S4). At the initial state (0 s), a nickel
nanocrystal is attached to amorphous carbon within the cavity
of the host SWNT. The nanocrystal rotates within the
nanotube, exhibiting different projections, which were
compared with AC-TEM images simulated for a 4 X 5 X 4
nanocrystal of pure nickel, identifying a face-centered cubic
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Figure 3. Analysis of the atomic structure of the nickel nanocrystal confined in SWNT at 82 s. (a) Experimental AC-TEM image of the 82 s of
the observation process, and the distance between atomic rows of nickel in the x direction is 0.32 nm. (b) Simulation image using the nickel
metal model viewed in [110] direction, and the distance between atomic rows of nickel in the x direction is 0.25 nm. (c) Simulation image
using the Ni;C model viewed in [210] direction, and the distance between atomic rows of nickel in the x direction is 0.22 nm. (d) Simulation
image using the NiC model viewed in [111] direction, and the distance between atomic rows of nickel in the x direction is 0.29 nm. (e)
Simulation image using the NiC model viewed in [110] direction, and the distance between atomic rows of nickel in the x direction is 0.32
nm. (f) Size comparison of the real and simulated nanocrystals by measuring their dimensions in the x and y directions. (g) Model diagram
of the partially carbonized nanocrystal of NiC structure (Niy,oC,o) in SWNT. (h) Side view of the model in part (g) (relevant model diagram

is shown in Figure S7).

(fcc) structure (Figures 2a, SS—S6, and Table S1). There is a
0.3 nm van der Waals gap separating the nickel nanocrystal and
SWNT wall, indicating that carbon atoms of the SWNT are
not bonded to the nickel nanocrystal at the initial stages of the
process between 0 and 20 s (Figure 2b,c). The diameter of
SWNT 1.5 nm allows at most four layers of nickel atoms along
the Z direction, and therefore, the overall 4 X S X 4 fcc
structure is dictated by confinement in the host SWNT, which
limits the maximal total number of nickel atoms in the
nanocrystal to 40 (Niy,) (Figures 2b,c and S5-S6). A
comparison of the experimental and simulated AC-TEM
images is shown in Figure 2d,e; corresponding simulation
parameters are listed in Table S1. A detailed contrast analysis
of the experimental image and correlation with simulations
confirm that the observed nanocrystal is a pure nickel metal
with a different number of atoms in the atomic columns along
the [100] direction (Figure 2d,e).

Time-resolved imaging utilizing the 80 keV electron beam
both as a probe and stimulus of chemical transformation
allowed us to capture the dynamics and reactivity of nickel
nanocrystals with atomic resolution in real time. As from 0 to 9
s, the orientation of nickel nanocrystal changes, it begins to
interact with the SWNT sidewall, followed by increasing, yet
intermittent bonding, from 9 to 33 s with the van der Waals
gap opening and closing again (green arrows at 20 and 33 s in
Figure 1). At 33 s, a significant deformation of the carbon

nanotube due to the strong bonding of the nickel nanocrystal
was observed (Figure 1). The nickel nanocrystal noticeably
elongated after 60 s, while the Ni—C bond between the
amorphous carbon and nickel nanocrystal broke at 82 s. The
distances between nickel atoms are increased at this stage,
indicating the insertion of carbon atoms into the interstitial
spaces of the nickel nanocrystal. The partly carbonized nickel
nanocrystal then interacts with carbon atoms of the host
SWNT, catalyzing the C—C bond breakage under electron
beam irradiation. Unexpectedly, the nickel nanocrystal began
flattening from 82 to 207 s, becoming two-dimensional at 179 s
while continuing to catalyze the dissociation of carbon atoms
on SWNT. At 212 s, the lower part of the SWNT became
significantly defective due to the loss of carbon atoms. Most of
these lost carbon atoms are activated by the incident electrons
and then captured by the carbonizing nickel nanocrystals, while
others are ejected into vacuum. At 221 s, the nanocrystal cut
into the upper wall of the host SWNT, leading to a phase
transition and the formation of a large defect in the carbon
nanotube at 277 s due to the carbon loss from the SWNT
structure.

Under 80 keV electron beam irradiation, the maximum
transferred kinetic energy from an 80 keV electron to carbon
and nickel atoms (Ey_) is 15.8 and 3.23 eV, respectively,”

due to a momentum transfer, which is the main driving force
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Figure 4. Analysis of the atomic structure of the nickel nanocrystal confined in SWNT at 207 and 277 s. (a) Experimental AC-TEM image of
the 207 s from Video S1, and the distance between atomic rows of nickel in the x and y directions is 0.21 and 0.21 nm, respectively. (b)
Simulation image using the NiC model view from [110] direction, and the distance between atomic rows of nickel in the x and y directions is
0.21 and 0.21 nm, respectively. (c) Model diagram of the fully carbonized nanocrystal in SWNT. (d) Side view of the model in part (c). (e)
Experimental image of the 277 s from Video S1. (f) Simulation image of part (e). (g) Model diagram of the nanocrystal cut of the SWNT. (h)
Side view of the model in part (g) (relevant model diagram is shown in Figure S8).

for dynamics promoted by the electron beam in atoms and
molecules confined inside carbon nanotubes.*’ The direct
displacement threshold energy for atoms in amorphous carbon
and SWNT by incident electron impact should be comparable
or higher than Ey_, respectively, and in the region of 17 eV for

the nanotube.**> However, interaction with metal atoms can
lower the displacement threshold significantly in the case of
nickel, which can be regarded as catalytic C—C bond
dissociation.*' Thus, it has been proposed that under 80 keV
electron beam irradiation, the carbon atoms around the nickel
nanocrystal can be activated to become ejected into the
vacuum®® or captured by the metal nanocrystal and permeate
into the lattice forming metal carbide as in the case of Fe,*
and in this study, the latter process is being imaged in real
time.

There are two types of interstitial spaces in the nickel
nanocrystal fcc structure, which, respectively, are octahedral
(0.414Ry;) and tetrahedral interstices (0.225Ry;), with the
octahedral interstices being more energetically favorable to
host carbon atoms.*” Consequently, in the process of
carbonization, individual carbon atoms gradually enter into
the octahedral interstices of the nickel nanocrystal, which
retains the shape but changes the structure in the process.
Conveniently, as the nanocrystal is restructuring, the host
nanotube allows it to tumble and expose different crystal facets,
which helps us to follow the carbonization process (Figures
3—4 and S5).

For understanding the evolution of the atomic structure of
the nanocrystal, we performed meticulous TEM image
simulation using atomic models to match the experimental
AC-TEM images (Figures 3a—f and S7). Catalyzed by nickel
under the 80 keV electron beam, the bonding between the
nanocrystal and amorphous carbon dissociated at 82 s.
However, at this point, the nickel nanocrystal is clearly in
contact with the lower wall of the SWNT. Considering that the
atomic ratio of Ni/C in nickel carbide is variable, we chose
nickel metal, Ni;C, and NiC as the three stable typical
structures to build the structural models for TEM image
simulation (Figures 3gh and S7). Because the atomic column
contrast of the AC-TEM image is related to the atomic
structure and composition of the material, we were able to
reveal the nature of the nanocrystal using the contrast
information on the experimental AC-TEM images compared
to TEM image simulations. Accordingly, the number and
position of carbon and nickel atoms in each atomic column
were adjusted for the best match of the observed contrast in
the experimental AC-TEM images, alongside directions of
projection of the model to optimize the match (Figure 3). By
measuring and comparing the dimensions of the nanocrystal
along the x and y directions, we were able to estimate the total
number of atoms in the nanocrystal of NiC as NiuCsy,
indicating that the nanocrystal had not been completely
carbonized. Therefore, the nanocrystal continued to interact
and bond with the lower wall of the SWNT. According to
TEM image simulations, the carbide structure formed at 82 s
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Figure S. Typical carbonization processes of the nickel nanocrystals in SWNT bundles. (a) Time series AC-TEM images of the carbonization
process of a nickel nanocrystal. The nanocrystal in the yellow box is a pure nickel nanocrystal and can also be found in Figure S1. The
nanocrystal in red box is a fully carbonized nickel carbide nanocrystal. (b) Model diagram of 229 s in part (a). (c) Corresponding simulation
image of the 229 s in part (a). (d) Time series AC-TEM images of the carbonization process of another nickel nanocrystal. The nanocrystal
in the yellow box is a pure nickel nanocrystal. The nanocrystal in red box is a fully carbonized nickel carbide nanocrystal. (e) Model diagram
of 378 s in part (d). (f) Corresponding simulation image of the 378 s in part (d).

changed from the initial four-layered to a three-layered NiC
structure as viewed along the [110] direction. By extension of
the nickel-based nanocrystal, more octahedral interstices on
the surface were exposed.

At 125 s (Figure 1), the partially carbonized nickel
nanocrystal disconnected from the amorphous carbon and its
lower part bonded strongly to the host SWNT, as the distance
between the nanotube sidewall and nanocrystal decreased
significantly below the van der Waals gap. This indicates
vacancy defect formation in SWNT, which becomes the main
source of carbon atoms for the nanocrystal carbonization.
From 82 to 179 s, the nanocrystal restructured again,
accompanied by enlargement along its x-axis and changes to
the exposed crystal facet. As at this stage, the nanocrystal is
directly bonded to the host SWNT, this prevents its rotation,
and therefore the observed changes in the crystal facet must be
caused by its lattice restructuring. Furthermore, the interaction
between the nanocrystal and the SWNT becomes unstable as

the defect develops and the nanocrystal captures more carbon
atoms from the SWNT sidewall. At 207 s, the atomic structure
of the nanocrystal can be well resolved, which allows
quantitative comparison with TEM image simulation (Figures
4a—d). At this point, there are 40 nickel atoms, out of which
20 are positioned in the top layer of the nanocrystal, indicating
that the structure becomes double-layered. Compared with the
simulation of double-layered Ni,, metal (Figures S8—S10), the
simulation of the NiyC,o nanocrystal is expanded by 14.7% in
the x direction and 11.5% in the y direction. Thus, the
nanocrystal reduced its thickness from 4 layers at the start of
the process to 3 layers at 82 s and then to 2 layers at 207 s,
which can be interpreted as a progressive two-dimensionaliza-
tion accompanying the carbonization. The two-dimensionali-
zation process may be caused by the stretching force from the
carbon atoms on the SWNT to the nickel atoms, or the
stretching force is from the flattening of the defective SWNT.
In the parallel case presented in Figure S18, from 0 to 123 s, a
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Figure 6. Process map of carbonization of nickel using a model diagram derived from AC-TEM experimental and simulated image analysis.
(a) An initial pure nickel nanocrystal immersed in a carbon-rich environment with carbon atoms gradually squeezing into the octahedral
interstices of the fcc nickel lattice. (b) Top view of the nanocrystal model diagrams at 0, 82, and 207s. (c) Side view of the model diagram in

part (b).

confined Ni nanoparticle gradually carbonized and extended to
a two-dimensional (2D) structure. Then it started cutting the
host SWNT from 132 to 194 s. Interestingly, the divided left
part of the SWNT dragged the 2D NiC and even pulled out
one nickel atom, as pointed out by the arrow in the image of
176 s. Thus, we show that the stretching force between the
host SWNT and the formed NiC when the SWNT is breaking
is large enough to deform the structure of NiC. This larger
stretching force should be the cause of the formation of 2D
NiC. This finding provides a new possible mechanism for
fabricating 2D materials. To gain a detailed understanding of
the atomic structure of the nanocrystal formed at 207 s, we
carried out FFT analysis and applied the pure NiC structure
for simulation, which has the same geometry as nickel metal
but with carbon atoms occupying all octahedral interstices
(Figure S11). Our simulation-based NiC model matches well
the experimental images (Figures S8—S10). To exclude the
influence of the defects of the host SWNT and the defocus
changes during the experiment process, we carried out TEM
simulation and found that these factors had no effect on the
TEM results, as shown in Figures S12 and S13. At 212 s, an
extensive defect is formed on the lower part of the SWNT with
carbon atoms being extracted and captured by the nanocrystal
during NiC formation, leading to the breaking of bonds
between the lower part of NiC and the host SWNT. As a
result, the tension on the NiC nanocrystal is released such that
from 277 s, it became 4-layered again (Figure 4e—h) and
began cutting into the upper wall of the SWNT.

In order to verify the reproducibility of the carbonization
process of nickel nanocrystals, we presented 9 more cases in
Figures 5 and S14—S20. Because the SWNTs we applied to
encapsulate Ni nanoparticles have a narrow diameter
distribution (1.2 —1.5 nm), the initial Ni nanoparticles also
have similar sizes, as shown in all 10 cases including Figure 1.

However, the initial Ni nanoparticles in Figures 1,5, and S16
show crystalline structures, while others (in Figures S14, S15,
and $17—520) are amorphous clusters. Under 80 keV electron
beam irradiation, all of these 10 Ni nanoparticles obtained
carbon atoms from the host SWNTs, gradually carbonized to
crystalline NiC nanoparticles. In addition, due to the loss of
carbon atoms, the SWNTs became defective and were all
eventually cut by the formed NiC nanoparticles (more formed
NiC nanoparticles shown in Figure S21).

During the entire process in Figure 1, we observed the
atomic carbonization process of the 4 X 5 X 4 nickel
nanocrystal under the irradiation of 80 keV electron beam. The
number of nickel atoms remained constant, as the number of
carbon atoms was gradually increasing, leading to Ni,zC,, and
it gradually progressed into fully carbonized NiyCyy. The
structure of the nanocrystal undergoes drastic transformations
during the carbonization process, including not only lattice
reconstitution but also two-dimensionalization as shown in
Figure 6. In comparison to conventional thermally induced
metal carbonization processes, during which heating increases
the mean free energy of atoms in the system, the energy source
for the carbonization of nickel in this work is the kinetic energy
transferred from the electron beam to the atoms. More details
are discussed in the Comparison of the thermally stimulated
process and electron beam stimulated process section” in
Supporting Information. However, the underlying principles
for these kinds of carbonizations are similar, which are based
on the fundamental chemical properties of nickel and NiC, as
well as the threshold energies for breaking C—C bonds and
forming Ni—C bonds. The key advantage of our method is
that, as carbon receives significantly more energy from the 80
keV electron beam, C atoms penetrate into interstitial spaces of
the nickel nanocrystal, leading to the transformations observed
in real time by AC-TEM. Nickel and carbon have rich and

https://doi.org/10.1021/acsnano.5c06292
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c06292/suppl_file/nn5c06292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c06292/suppl_file/nn5c06292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c06292/suppl_file/nn5c06292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c06292/suppl_file/nn5c06292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c06292/suppl_file/nn5c06292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c06292/suppl_file/nn5c06292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c06292/suppl_file/nn5c06292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c06292/suppl_file/nn5c06292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c06292/suppl_file/nn5c06292_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c06292?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c06292?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c06292?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c06292?fig=fig6&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c06292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

versatile chemistry, as prior studies have reported nickel
cutting CNTs under 80 keV electron beam irradiation or
catalyzing the formation of new carbon structures such as
fullerenes.”™*® Our current results clearly demonstrate the
carbonization of nickel as a competing reaction taking place
under the same conditions.

CONCLUSIONS

In this study, we directly imaged the carbonization of nickel
nanocrystals confined in SWNTSs stimulated by electron beam
irradiation in real time and with atomic resolution. The nickel
nanocrystal catalyzed the C—C bond breaking and captured
the activated carbon atoms from amorphous carbon and the
host SWNT under electron beam irradiation. We revealed that
the carbonization of nickel is a progressive permeation process
of the fcc nickel lattice with carbon atoms, leading to the
evolution of pure nickel to Niy,C,, and then to NiuCyy.
Furthermore, we discovered the two-dimensionalization
process during the carbonization of nickel nanoparticles,
involving the 4-layered nickel reconstructs to 2-layered NiC,
which may be caused by the stretching force from the SWNT
sidewall exerted onto the nanocrystal. Thus, utilizing the
SWNT as a nano test tube providing a carbon-rich environ-
ment for nickel nanocrystals and applying the electron beam of
AC-TEM both as an imaging probe as well as a stimulus of
reactions, we revealed the atomic mechanism of nickel
carbonization. Our findings can provide guidance for designing
stable metal-based catalysts as well as new routes toward
carbide-based two-dimensional materials.

METHODS

Sample Preparation. Single-walled carbon nanotubes (SWNTs,
Carbon solutions) were thermally treated to open the termini of the
SWNTs and to remove the residual amorphous carbon and organic
ligand from the outer walls of the SWNT' before use. The as-received
SWNTs were heated in air for 30 min at 600 °C with a weight loss of
approximately 30% observed for both samples. All other reagents and
solvents were used as supplied by Sigma-Aldrich. Nickel(II)
hexafluoroacetylacetonate Ni(CsHF(0,), was sealed under vacuum
in a quartz ampule and heated at a temperature slightly above its
vaporization point (140 °C) for 3 days to ensure complete
penetration of the SWNT by Ni(C;HF40,),. The sample was cooled
to room temperature and washed repeatedly with tetrahydrofuran to
remove Ni(C;HF40,), deposited on the outside of the SWNT. The
nanotubes filled with Ni(C;HF(O,), were then sealed in a quartz
ampule under an argon atmosphere and heated at 600 °C, a
temperature significantly above the decomposition point of the metal
species (~150—200 °C), for 2 h to decompose Ni(C;HFO,), into
the pure nickel metal nanoparticles. Subsequently, C;HF,O, ligands
would thermally decompose into CO, gases and other volatile
fragments, which make the internal space in the hosted SWNT more
pressurized than the outside. All of the fragments escaped from the
SWNT and cannot be observed in TEM. The elementary composition
of the prepared sample is determined by EDS mapping as shown in
Figure S22.

Characterization and Simulation. The SWNTs filled with
nickel nanoparticles were dispersed in methanol and drop-cast onto
lacey carbon—carbon-coated copper TEM grids. Time series AC-
TEM images were carried out on an image side Cg-corrected FEI
Titan 80—300 TEM operated at 80 kV at room temperature.
HAADF-STEM and corresponding EDS mapping are carried out at a
JEOL-Grand Arm 300F. The TEM specimen was heated in air at 150
°C for 5 min shortly before insertion into the TEM column. TEM
image simulation was carried out using the multislice program
QSTEM. The relevant image simulation is carried out by QSTEM
software, and the simulation parameters are listed in Table S1.

ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.5¢06292.

Additional TEM images of the sample and correspond-
ing simulation images and sample preparation conditions
(PDF)

Carbonization of nickel nanocrystal confined in SWNT
under electron beam irradiation (Video S1) (AVI)

AUTHOR INFORMATION

Corresponding Authors

Andrei N. Khlobystov — School of Chemistry, University of
Nottingham, Nottingham NG7 2RD, UK; © orcid.org/
0000-0001-7738-4098; Email: Andrei.Khlobystov@
nottingham.ac.uk

Ute Kaiser — Central Facility for Electron Microscopy, Group
of Electron Microscopy of Materials Science, Ulm University,
89081 Ulm, Germany; Email: ute kaiser@uni-ulm.de

Yuan Hu — School of Physical Science and Technology &
Shanghai Key Laboratory of High-Resolution Electron
Microscopy, ShanghaiTech University, Shanghai 201210,
China; Email: huyuan@shanghaitech.edu.cn

Kecheng Cao — School of Physical Science and Technology &
Shanghai Key Laboratory of High-Resolution Electron
Microscopy, ShanghaiTech University, Shanghai 201210,
China; ® orcid.org/0000-0002-7180-7237;
Email: caokch@shanghaitech.edu.cn

Authors

Pu Yan — School of Physical Science and Technology &
Shanghai Key Laboratory of High-Resolution Electron
Microscopy, ShanghaiTech University, Shanghai 201210,
China

Dong Zhang — School of Physical Science and Technology &
Shanghai Key Laboratory of High-Resolution Electron
Microscopy, ShanghaiTech University, Shanghai 201210,
China

Wendi Zhang — School of Physical Science and Technology &
Shanghai Key Laboratory of High-Resolution Electron
Microscopy, ShanghaiTech University, Shanghai 201210,
China

Kaijun Sun — School of Physical Science and Technology &
Shanghai Key Laboratory of High-Resolution Electron
Microscopy, ShanghaiTech University, Shanghai 201210,
China

Meng Jin — School of Physical Science and Technology &
Shanghai Key Laboratory of High-Resolution Electron
Microscopy, ShanghaiTech University, Shanghai 201210,
China

Thomas W. Chamberlain — School of Chemistry, University
of Leeds, Leeds, West Yorkshire LS2 9JT, UK,; ® orcid.org/
0000-0001-8100-6452

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.5¢06292

Author Contributions

P.Y. analyzed the data, made TEM simulations, and wrote the
original draft. D.Z., W.Z,, KJ., and M.J. made data processing.
T.W.C. carried out the material fabrication. K.C. made the
TEM experiments. K.C., AN.K,, UK, and Y.H. co-wrote and
edited the draft.

https://doi.org/10.1021/acsnano.5c06292
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c06292/suppl_file/nn5c06292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c06292/suppl_file/nn5c06292_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c06292?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c06292/suppl_file/nn5c06292_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c06292/suppl_file/nn5c06292_si_002.avi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrei+N.+Khlobystov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7738-4098
https://orcid.org/0000-0001-7738-4098
mailto:Andrei.Khlobystov@nottingham.ac.uk
mailto:Andrei.Khlobystov@nottingham.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ute+Kaiser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:ute.kaiser@uni-ulm.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuan+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:huyuan@shanghaitech.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kecheng+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7180-7237
mailto:caokch@shanghaitech.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pu+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wendi+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaijun+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meng+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+W.+Chamberlain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8100-6452
https://orcid.org/0000-0001-8100-6452
https://pubs.acs.org/doi/10.1021/acsnano.5c06292?ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c06292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS

CK. and Y.H. acknowledge the National Natural Science
Foundation of China (NSFC) (22376140, 22302123) for
funding. AN.K. acknowledges the Engineering and Physical
Sciences Research Council (EPSRC; grant EP/V000055/1)
and the Royal Society for funding. U.K. acknowledges the
Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) — project no. 364549901 — TRR 234 CataLight.

REFERENCES

(1) Tokura, Y.; Nagaosa, N. Orbital physics in transition-metal
oxides. Science 2000, 288 (5465), 462—468.

(2) Higlund, J.; Guillermet, A. F.; Grimvall, G.; Kérling, M. Theory
of bonding in transition-metal carbides and nitrides. Phys. Rev. B
1993, 48 (16), No. 1168S.

(3) Gogotsi, Y. Transition metal carbides go 2D. Nat. Mater. 2015,
14 (11), 1079-1080.

(4) Hwu, H. H;; Chen, J. G. Surface chemistry of transition metal
carbides. Chem. Rev. 2005, 105 (1), 185—212.

(5) Royer, S.; Duprez, D. Catalytic oxidation of carbon monoxide
over transition metal oxides. ChemCatChem 2011, 3 (1), 24—65.

(6) Xiao, X.; Wang, H.; Bao, W.; Urbankowski, P.; Yang, L.; Yang,
Y.; Maleski, K; Cui, L.; Billinge, S. J. L.; Wang, G.; Gogotsi, Y. Two-
dimensional arrays of transition metal nitride nanocrystals. Adv. Mater.
2019, 31 (33), No. 1902393.

(7) Zhong, Y.; Xia, X;; Shi, F.; Zhan, J.; Ty, J.; Fan, H. J. Transition
metal carbides and nitrides in energy storage and conversion. Adv. Sci.
2016, 3 (S), No. 1500286.

(8) Oyama, S. Preparation and catalytic properties of transition
metal carbides and nitrides. Catal. Today 1992, 15 (2), 179—200.

(9) Sun, X; Yu, J.; Cao, S.; Zimina, A.; Sarma, B. B.; Grunwaldt, J.-
D,; Xu, H; Li, S; Liu, Y.; Sun, J. In Situ Investigations on Structural
Evolutions during the Facile Synthesis of Cubic a-MoC1—x Catalysts.
J. Am. Chem. Soc. 2022, 144 (49), 22589—22598.

(10) Huang, K; Li, Z.; Lin, J.; Han, G.; Huang, P. Two-dimensional
transition metal carbides and nitrides (MXenes) for biomedical
applications. Chem. Soc. Rev. 2018, 47 (14), 5109—5124.

(11) Zhang, X.; Shao, J.; Yan, C; Qin, R;; Ly, Z.; Geng, H.; Xu, T,;
Ju, L. A review on optoelectronic device applications of 2D transition
metal carbides and nitrides. Mater. Des. 2021, 200, No. 109452.

(12) Silva, C. G.; Passos, F. B.; da Silva, V. T. Effect of carburization
conditions on the activity of molybdenum carbide-supported catalysts
promoted by nickel for the dry reforming of methane. Energy Fuels
2021, 35 (21), 17833—17847.

(13) Tan, C.; Chen, C. Emerging palladium and nickel catalysts for
copolymerization of olefins with polar monomers. Angew. Chem.
2019, 131 (22), 7268—7276.

(14) Tasker, S. Z.; Standley, E. A.; Jamison, T. F. Recent advances in
homogeneous nickel catalysis. Nature 2014, 509 (7500), 299—309.

(15) Rodriguez-Manzo, J. A.; Terrones, M.; Terrones, H.; Kroto, H.
W.; Sun, L,; Banhart, F. In situ nucleation of carbon nanotubes by the
injection of carbon atoms into metal particles. Nat. Nanotechnol. 2007,
2 (S), 307-311.

(16) Jourdain, V.; Bichara, C. Current understanding of the growth
of carbon nanotubes in catalytic chemical vapour deposition. Carbon
2013, $8, 2—39.

(17) Kim, K. S.; Zhao, Y.; Jang, H.; Lee, S. Y,; Kim, J. M,; Kim, K. S,;
Ahn, J-H; Kim, P; Choi, J.-Y,; Hong, B. H. Large-scale pattern
growth of graphene films for stretchable transparent electrodes.
Nature 2009, 457 (7230), 706—710.

(18) Lahiri, J.; Miller, T.; Adamska, L.; Oleynik, I. I; Batzill, M.
Graphene Growth on Ni(111) by Transformation of a Surface
Carbide. Nano Lett. 2011, 11 (2), 518—522.

(19) Patera, L. L.; Africh, C.; Weatherup, R. S.; Blume, R.; Bhardwaj,
S.; Castellarin-Cudia, C.; Knop-Gericke, A.; Schloegl, R.; Comelli, G.;

Hofmann, S; Cepek, C. In situ observations of the atomistic
mechanisms of Ni catalyzed low temperature graphene growth. ACS
Nano 2013, 7 (9), 7901-7912.

(20) Diarra, M.; Zappelli, A.; Amara, H.; Ducastelle, F.; Bichara, C.
Importance of Carbon Solubility and Wetting Properties of Nickel
Nanoparticles for Single Wall Nanotube Growth. Phys. Rev. Lett.
2012, 109 (18), No. 185501.

(21) Huang, Z.; Wang, D.; Wen, J.; Sennett, M.; Gibson, H.; Ren, Z.
Effect of nickel, iron and cobalt on growth of aligned carbon
nanotubes. Appl. Phys. A 2002, 74, 387—391.

(22) Kukovitsky, E.; L'vov, S.; Sainov, N.; Shustov, V. CVD growth
of carbon nanotube films on nickel substrates. Appl. Surf. Sci. 2003,
215 (1-4), 201-208.

(23) Ren, Z. F; Huang, Z.; Wang, D.; Wen, J.; Xu, J.; Wang, J;
Calvet, L.; Chen, J; Klemic, J; Reed, M. Growth of a single
freestanding multiwall carbon nanotube on each nanonickel dot. Appl.
Phys. Lett. 1999, 75 (8), 1086—1088.

(24) Fisher, F.; Tropsch, H. Conversion of methane into hydrogen
and carbon monoxide Brennst.-Chem. 1928; Vol. 9.

(25) Huang, L; Li, D,; Tian, D.; Jiang, L.; Li, Z.; Wang, H.; Li, K.
Optimization of Ni-based catalysts for dry reforming of methane via
alloy design: A Review. Energy Fuels 2022, 36 (10), 5102—5151.

(26) Kimmel, Y. C.; Xu, X.; Yu, W,; Yang, X; Chen, J. G. Trends in
electrochemical stability of transition metal carbides and their
potential use as supports for low-cost electrocatalysts. ACS Catal.
2014, 4 (5), 1558—1562.

(27) Bayer, B. C.; Bosworth, D. A.; Michaelis, F. B.; Blume, R;
Habler, G.; Abart, R.; Weatherup, R. S.; Kidambi, P. R.; Baumberg, J.
J.; Knop-Gericke, A,; et al. In situ observations of phase transitions in
metastable nickel (carbide)/carbon nanocomposites. J. Phys. Chem. C
2016, 120 (39), 22571-22584.

(28) Amara, H.; Roussel, J.-M.; Bichara, C.; Gaspard, J.-P.;
Ducastelle, F. Tight-binding potential for atomistic simulations of
carbon interacting with transition metals: Application to the Ni-C
system. Phys. Rev. B:Condens. Matter Mater. Phys. 2009, 79 (1),
No. 014109.

(29) Diarra, M.; Amara, H.; Ducastelle, F.; Bichara, C. Carbon
solubility in nickel nanoparticles: A grand canonical Monte Carlo
study. Phys. Status Solidi B 2012, 249 (12), 2629—2634.

(30) Gibson, J. S; Uddin, J.; Cundari, T. R,; Bodiford, N. K,;
Wilson, A. K. First-principle study of structure and stability of nickel
carbides. J. Phys.: Condens. Matter 2010, 22 (44), No. 445503.

(31) Magnin, Y.; Zappelli, A.,; Amara, H.; Ducastelle, F.; Bichara, C.
Size dependent phase diagrams of nickel-carbon nanoparticles. Phys.
Rev. Lett. 2015, 115 (20), No. 205502.

(32) Xiao, W.; Baskes, M.; Cho, K. MEAM study of carbon atom
interaction with Ni nano particle. Surf. Sci. 2009, 603 (13), 1985—
1998.

(33) Hu, B.; Wang, K;; Wu, L,; Yu, S. H.; Antonietti, M.; Titirici, M.
M. Engineering carbon materials from the hydrothermal carbon-
ization process of biomass. Adv. Mater. 2010, 22 (7), 813—828.

(34) Kawashima, K; Mérquez, R. A.; Smith, L. A;; Vaidyula, R. R;;
Carrasco-Jaim, O. A.; Wang, Z.; Son, Y. J.; Cao, C. L.; Mullins, C. B. A
review of transition metal boride, carbide, pnictide, and chalcogenide
water oxidation electrocatalysts. Chem. Rev. 2023, 123 (23), 12795—
13208.

(35) Reinholdt, A.; Bendix, J. Transition Metal Carbide Complexes.
Chem. Rev. 2022, 122 (1), 830—902.

(36) Su, D. S.; Perathoner, S.; Centi, G. Nanocarbons for the
development of advanced catalysts. Chem. Rev. 2013, 113 (8), 5782—
5816.

(37) Du, N,; Liu, H; Cao, Y.; Fu, P.; Sun, C; Liu, H; Li, D.
Formation mechanism of MC and M2C primary carbides in as-cast
MSO bearing steel. Mater. Charact. 2021, 174. DOI: 10.1016/
j.matchar.2021.111011.

(38) Cao, K; Biskupek, J.; Stoppiello, C. T.; McSweeney, R. L.;
Chamberlain, T. W,; Liu, Z.; Suenaga, K.; Skowron, S. T.; Besley, E.;
Khlobystov, A. N.; Kaiser, U. Atomic mechanism of metal crystal

https://doi.org/10.1021/acsnano.5c06292
ACS Nano XXXX, XXX, XXX—XXX


https://doi.org/10.1126/science.288.5465.462
https://doi.org/10.1126/science.288.5465.462
https://doi.org/10.1103/PhysRevB.48.11685
https://doi.org/10.1103/PhysRevB.48.11685
https://doi.org/10.1038/nmat4386
https://doi.org/10.1021/cr0204606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0204606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201000378
https://doi.org/10.1002/cctc.201000378
https://doi.org/10.1002/adma.201902393
https://doi.org/10.1002/adma.201902393
https://doi.org/10.1002/advs.201500286
https://doi.org/10.1002/advs.201500286
https://doi.org/10.1016/0920-5861(92)80175-M
https://doi.org/10.1016/0920-5861(92)80175-M
https://doi.org/10.1021/jacs.2c08979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CS00838D
https://doi.org/10.1039/C7CS00838D
https://doi.org/10.1039/C7CS00838D
https://doi.org/10.1016/j.matdes.2021.109452
https://doi.org/10.1016/j.matdes.2021.109452
https://doi.org/10.1021/acs.energyfuels.1c02110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c02110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c02110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.201814634
https://doi.org/10.1002/ange.201814634
https://doi.org/10.1038/nature13274
https://doi.org/10.1038/nature13274
https://doi.org/10.1038/nnano.2007.107
https://doi.org/10.1038/nnano.2007.107
https://doi.org/10.1016/j.carbon.2013.02.046
https://doi.org/10.1016/j.carbon.2013.02.046
https://doi.org/10.1038/nature07719
https://doi.org/10.1038/nature07719
https://doi.org/10.1021/nl103383b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl103383b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn402927q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn402927q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.109.185501
https://doi.org/10.1103/PhysRevLett.109.185501
https://doi.org/10.1007/s003390101186
https://doi.org/10.1007/s003390101186
https://doi.org/10.1016/S0169-4332(03)00280-0
https://doi.org/10.1016/S0169-4332(03)00280-0
https://doi.org/10.1063/1.124605
https://doi.org/10.1063/1.124605
https://doi.org/10.1021/acs.energyfuels.2c00523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.2c00523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500182h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500182h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500182h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b01555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b01555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.79.014109
https://doi.org/10.1103/PhysRevB.79.014109
https://doi.org/10.1103/PhysRevB.79.014109
https://doi.org/10.1002/pssb.201200147
https://doi.org/10.1002/pssb.201200147
https://doi.org/10.1002/pssb.201200147
https://doi.org/10.1088/0953-8984/22/44/445503
https://doi.org/10.1088/0953-8984/22/44/445503
https://doi.org/10.1103/PhysRevLett.115.205502
https://doi.org/10.1016/j.susc.2009.03.009
https://doi.org/10.1016/j.susc.2009.03.009
https://doi.org/10.1002/adma.200902812
https://doi.org/10.1002/adma.200902812
https://doi.org/10.1021/acs.chemrev.3c00005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.3c00005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.3c00005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300367d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300367d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matchar.2021.111011
https://doi.org/10.1016/j.matchar.2021.111011
https://doi.org/10.1016/j.matchar.2021.111011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matchar.2021.111011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-020-0538-9
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c06292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org

nucleus formation in a single-walled carbon nanotube. Nat. Chem.
2020, 12 (10), 921-928.

(39) Cao, K; Chamberlain, T. W.; Biskupek, J.; Zoberbier, T.;
Kaiser, U.; Khlobystov, A. N. Direct correlation of carbon nanotube
nucleation and growth with the atomic structure of rhenium
nanocatalysts stimulated and imaged by the electron beam. Nano
Lett. 2018, 18 (10), 6334—6339.

(40) Cao, K; Skowron, S. T.; Stoppiello, C. T.; Biskupek, J;
Khlobystov, A. N.; Kaiser, U. Direct Imaging of Atomic Permeation
Through a Vacancy Defect in the Carbon Lattice. Angew. Chem., Int.
Ed. 2020, 59 (51), 22922—-22927.

(41) Cao, K.; Zoberbier, T.; Biskupek, J.; Botos, A.; McSweeney, R.
L.; Kurtoglu, A.; Stoppiello, C. T.; Markevich, A. V.; Besley, E;
Chamberlain, T. W,; et al. Comparison of atomic scale dynamics for
the middle and late transition metal nanocatalysts. Nat. Commun.
2018, 9 (1), No. 3382.

(42) Zoberbier, T.; Chamberlain, T. W.; Biskupek, J.; Suyetin, M,;
Majouga, A. G.; Besley, E.; Kaiser, U.; Khlobystov, A. N. Investigation
of the interactions and bonding between carbon and group viii metals
at the atomic scale. Small 2016, 12 (12), 1649—1657.

(43) Skowron, S. T.; Chamberlain, T. W.; Biskupek, J.; Kaiser, U,;
Besley, E.; Khlobystov, A. N. Chemical reactions of molecules
promoted and simultaneously imaged by the electron beam in
transmission electron microscopy. Acc. Chem. Res. 2017, SO (8),
1797—-1807.

(44) Kleber, R.; Weiler, M.; Kriiger, A; Sattel, S.; Kunz, G.; Jung, K;
Ehrhardt, H. Influence of ion energy and flux composition on the
properties of plasma-deposited amorphous carbon and amorphous
hydrogenated carbon films. Diamond Relat. Mater. 1993, 2 (2—4),
246—250.

(4S) Smith, B. W.; Luzzi, D. E. Electron irradiation effects in single
wall carbon nanotubes. J. Appl. Phys. 2001, 90 (7), 3509—3515.

(46) Lebedeva, 1. V.; Chamberlain, T. W.; Popov, A. M.; Knizhnik,
A. A; Zoberbier, T.; Biskupek, J.; Kaiser, U.; Khlobystov, A. N. The
atomistic mechanism of carbon nanotube cutting catalyzed by nickel
under an electron beam. Nanoscale 2014, 6 (24), 14877—14890.

(47) Bondarenko, N. V.; Nedolya, A. V. Energy of the Isolated
Metastable Iron-Nickel FCC Nanocluster with a Carbon Atom in the
Tetragonal Interstice. Nanoscale Res. Lett. 2017, 12, No. 139.

(48) Sinitsa, A. S.; Chamberlain, T. W.; Zoberbier, T.; Lebedeva, 1.
V.; Popov, A. M,; Knizhnik, A. A;; McSweeney, R. L.; Biskupek, J.;
Kaiser, U.; Khlobystov, A. N. Formation of nickel clusters wrapped in
carbon cages: toward new endohedral metallofullerene synthesis.
Nano Lett. 2017, 17 (2), 1082—1089.

https://doi.org/10.1021/acsnano.5c06292
ACS Nano XXXX, XXX, XXX—XXX


https://doi.org/10.1038/s41557-020-0538-9
https://doi.org/10.1021/acs.nanolett.8b02657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b02657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b02657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202010630
https://doi.org/10.1002/anie.202010630
https://doi.org/10.1038/s41467-018-05831-z
https://doi.org/10.1038/s41467-018-05831-z
https://doi.org/10.1002/smll.201502210
https://doi.org/10.1002/smll.201502210
https://doi.org/10.1002/smll.201502210
https://doi.org/10.1021/acs.accounts.7b00078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.7b00078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0925-9635(93)90062-7
https://doi.org/10.1016/0925-9635(93)90062-7
https://doi.org/10.1016/0925-9635(93)90062-7
https://doi.org/10.1063/1.1383020
https://doi.org/10.1063/1.1383020
https://doi.org/10.1039/C4NR05006A
https://doi.org/10.1039/C4NR05006A
https://doi.org/10.1039/C4NR05006A
https://doi.org/10.1186/s11671-017-1919-x
https://doi.org/10.1186/s11671-017-1919-x
https://doi.org/10.1186/s11671-017-1919-x
https://doi.org/10.1021/acs.nanolett.6b04607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b04607?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c06292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

