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ABSTRACT In spite of the high potential of endohedral metallofullerenes (EMFs) for application
in biology, medicine and molecular electronics and recent efforts in EMF synthesis, the variety of
EMFs accessible by conventional synthetic methods remains limited and does not include, for
example, EMFs of late transition metals. We propose a method in which EMF formation is initiated
by electron irradiation in aberration-corrected high-resolution transmission electron spectroscopy
(AC-HRTEM) of a metal cluster surrounded by amorphous carbon inside a carbon nanotube
serving as a nano-reactor and apply this method for synthesis of nickel EMFs. The use of AC-
HRTEM makes it possible not only to synthesize new, previously unattainable nanoobjects but
also to study in situ the mechanism of structural transformations. Molecular dynamics simulations
using the state-of-the-art approach for modeling the effect of electron irradiation are performed to
rationalise the experimental observations and to link the observed processes with conditions of

bulk EMF synthesis.

KEYWORDS endohedral metallofullerenes, electron irradiation, transmission electron

microscopy, molecular dynamics, carbon nanotube

Endohedral metallofullerens (EMFs) and their derivatives have shown considerable promise for
biological and medical applications and for molecular electrbhcdHowever, the variety of

EMFs available by current synthetic methods is very limited. Traditional methods for the synthesis
of EMFs in the arc discharge reactor or via laser evaporation are restricted principly to alkali earth

elements, lanthanides and early transition metals (grougbd& the Periodic Table), see R.



—for a review. Along with conventional EMFs, clusterfullerenes with endohedral metal4itride
carbidé, and other metal compounds have been produced via modified arc discharge methods
enabling the addition of a select group of small molecules. Endohedral non-metallic fullerenes
with endohedral atoms of noble gases and nitrogen have also been produced by treatment of empty
fullerenes after their synthesis, for example by high-pressure incorp8rafiedohedral non-
metallic fullerenes with very small endohedral molecules have also been obtained via long
sequences of organic reactibhsThere is also a limit to the number of atoms which can be
contained inside fullerene cages, with 7 atbits SaOs@Cso the maximum to date. Thus
elaboration of methods of EMF production which enables extention of the EMF family to late
transition metals and/or to increase the size of the complexes inside the fullerene cage is extremely
timely.

A new method to produce and image fullerenes as a result of graphene flake transformation
under electron irradiation in AC-HRTEM has been elaborated re¢i8lych a method opens up
possibilities to produce new types of EMFs by electron irradiation treatment of nanostructures
starting from a metal cluster attached to sufficient carbon material, i.e. about 100 carbon atoms. In
contrast to the formation of EMFs at high temperature in the arc discharge reactor or by laser
evaporation, where a weakly bonded metal atom or cluster can be easily removed fr@tethe sy
through sintering or vapourisation, transformations under electron irradiation take place at room
temperature where electron impact is powerful enough to remove light carbon atoms but heavy
metal atoms are conserved in the system. Here we obtain EMFs consisting of nickel clusters of
several tens of atoms inside the fullerene cage by electron irradiation treatment of nickel clusters

surrounded by amorphous carbon or a graphene flake during AC-HRTEM imaging. The proposed



method can be extended to any metal cluster of a given composition and number of atoms including
clusters composed from several chemical elements.

Metals in groups 9 11 of the Periodic Table are very important in the context of catalysis
of carbon nanostructure growth, such as carbon nanotubes and graphene. Therefore, obtaining a
detailed understanding of nickel cluster EMF formation can provide an insight into the nucleation
of si? hybridized carbon on the catalyst particle, a starting point which is known to be crucial in
determining the structure and property of carbon nanotubes for example. To study the formation
of Ni EMFs in detail we utilised confinement inside carbon nanotubes, a new important class of
nano-reactors, that represent an inert and controlled reaction environment whilst the atomically
thin sidewalls enable in situ AC-HRTEM imaging. TEM is the only tool that enables direct
investigation of the structure and properties of metal clusters encapsulated in the nanotube. When
the energy and dose rate of e-beam are controlled, it is possible to trigger chemical reactions
between metal clusters and carbon. HRTEM imaging reveals important dynamics of metal-carbon
bonding and a wide range of chemical processes catalyzed by metals under the influence of the
kinetic energy of the e-beam have been observed with atomic reséltifidime crucial remaining
challenge is to link these observed processes with conditions of preparative reactions for carbon
nanostructure growth (e.g. fullerene formation in electric arc discharge, nanotube growth in CVD
process etc), which requires modelling and systematic comparison of processes under controlled
e-beam irradiation and heating conditions.

Let us first discuss the experimental details of synthesis of nickel-carbon heterostructures
Clusters of nickel metal were encapsulated in single-walled carbon nanotubes (SWNTS) in the
form of nickel hexafluoroacetylacetonate, NiFs0O-)2, which can be easily broken down into

pure metal and ligand. While the nickel atoms aggregate into clusters of 50-100 atoms forming



intimate contact with the nanotube inner (concave) surface, labelled NINPs@SWNT, the ligand is
broken into small fragments and leaves the nanotube. S\(dTdischarge, NanoCarbLab) were
annealed at 540 °C for 20 minutes to open their termini and remove the majority of residual
amorphous carbon from the internal cavities, a 20% weight loss was observed. Nickel
hexafluoroacetylacetona(®0 mg) (used as supplied, Sigma Aldrich) was mixed with the SWNT
(5 mg), sealed under vacuum (10 mbar) in a quartz ampoule and heated at 140 °C, a temperature
slightly above the vaporisation point of the metal complex, for 3 days to ensure complete
penetration of the SWNT. The sample was then allowed to cool to room temperature, washed
repetitively with tetrahydrofuran to remove any metal complex from the exterior of the SWNT and
then filtered through a PTFE membrane (pore diameter = 0.2 um). The nanotubes sample filled
with metal complex was then sealed in a quartz ampoule 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 hours to decompose the metal complex into the desired pure metal nanoparticles.
Alternatively, the decomposition process can be achieved directly during TEM using the e-beam
as the energy source. Metal particles formed by thermal and e-beam decomposition of the metal
complex are virtually indistinguishable.

AC-HRTEM was used to verify the presence of nickel clusters inside the carbon nanotubes
(Fig. 1a) and the identity of the metallic clusters formed inside the nanotubes was confirmed by
energy dispersive X-ray (EDX) spectroscopy (Fig. HI)X spectra were recorded for small
bundles of SWNTs (3-10 nanotubes) filled with nickel metal on a JEOL 2100F TEM equipped
with an Oxford Instruments X-rays detector at 100 kV. Evolution of the metal clusters and their
interactions with elemental carbon were analyzed ®YHRTEM imaging (see Fig. 1c-e and Figs.

S1-3 and videos in Supporting Informatian)ried out using an image-side Cs-corrected FEI Titan



80-300 transmission electron microscope operated at 80 kV acceleration voltage with a modified
filament extraction voltage for information limit enhancement and increased image contrast’.
Images were recorded on a slow-scan CCD-camera type Gatan Ultrascan XP 1000 using binning
2 (1024 by 1024 pixel image size) with exposure times between 0.25-1.0 s. For all in situ irradiation
experiments the microscope provided a highly controlled source of local and directed electron
irradiation on a selected area of the sample. Experimentally applied electron-fluxes ranged from
1-10°to 1.5-107 e/nm?/s, and the total applied dose was kept the same, reaching up to 5-10° e/nm?
at the end of each experiment. TEM specimens were heated in air at 150 °C for about 5 min shortly
before insertion into the TEM column. All imaging experiments were carried out at room
temperature. Subsequent TEM image simulations (see Fig. 1f and Fig. S4 in Supporting
Information) were performed for structure models based on molecular dynamics (MD)
calculations (see Fig. 1g and details about MD later in the text) using the multi-slice program
QSTEM by C.T. Koch®® Image simulation parameters were 80 keV electron energy, spherical
aberration parameter Cs = 10pum, focus = -8 nm (corresponds to Scherzer-focus conditions with
black atom contrast), focus spread =4 nm. The dampening effect of the camera (MTF, modulation
transfer function) was included. The effect of limited electron dose was emulated by applying
noise to the calculated (infinitive dose) images using a custom-made Monte-Carlo program

exploiting the Poisson statistics of electrons.
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Figure 1. Structural evolution of nickel clusters with carbon over time under 80 keV electron
irradiation: (a) AC-HRTEM image of NINPs@SWNT showing a cluster of 50-70 nickel atoms

encapsulated inside a SWNT; (b) Energy dispersive X-ray spectroscopy of the NINPS@SWNT



sample confirms the presence of nickel inside the nanotubes (Cu peaks are due to the TEM grid).
Time series of experimental AC-HRTEM images showing the key stages of nickel cluster carbon
transformation, (white arrows depict carbon cages in all cases):i{g) $ilhows evolution of a
patched fullerene in which the nickel cluster interacts with carbon atoms of the nanotube sidewall
and extrudes carbon in the form of a fullerene cage whilst simultaneously becoming incorporated
within the cage structure; (€i}iv) and (e) (i-iv), depict examples of endohedral metallofullerene
formation in which carbon cages fully encase nickel clusters of various sizes, passivating the nickel
and preventing it from interacting with the nanotube sidewalls. Strong correlation is observed
between the contrast observed in the simulated TEM images (f) {i) sartl the corresponding
experimental AC-HRTEM images (e) (i and ii) respectively. Simulated images were generated by
applying a limited dose of 80 keV electrons to the structural models depicted in (g) (i-ii). The scale

baris 1 nm in all cases.

Time series of images recorded for individual nickel clusters consistently show interactions
between the clusters and carbon, both from the nanotube sidewall and amorphous carbon
inherently present inside carbon nanotubes (Fig. 1c-e). The energy of 80 keV of the electron beam
in the AC-HRTEM experiment was carefully selected to enable the evolution of the carbon/nickel
cluster system to be observed over extended time periods whilst simultaneously providing
sufficient energy to initiate transformations without irreversibly damaging the resultant structures.
The metal cluster remains highly flexible, changing its shape continuously during the AC-HRTEM
observation, (Fig. 1c-e) which implies low-directional and flexible metallic bonding between
nickel atoms, rather than a covalent or ionic bonds that would lead to a static, highly ordered
cluster, such as iron carbide under the same experimental conditurshermore, the distance

of 2.2 + 0.1A that can be clearly measured between nearest neighbour images of nickel atoms in



some configuration of the cluster (Fig. 1c, for example) matches the distance between projections
of atoms oto the (111) plane for metallic nickel (see modeling part of this study). These two facts
confirm that nickel remains in the metallic form under our experimental conditions.

Carbon being a low atomic number elem@ht 6 for carbon as compared to Z = 28 for
nickel) has a lower single-atom contrast in AC-HRTEM images than nickel, as can besgearly
by comparing the contrast of the carbon nanotube with the nickel cluster (Fig. 1a,c). Analysis of
the time-series images reveals a growth of new low-contrast sesotunickel surface (Fig 1c-
e), which are not part of the initial nickel cluster, and result from interactions betweehamidke
carbon nanotube under the e-beam. The carbon nature of these structures is supported by the
comparison of the experimentaC-HRTEM and simulatedEM images (Fig. 1le-g and Fig. S4
in Supporting Information). The carbon features either extend from (Fig. 1¢c and video S1 in
Supporting Information) or completely esedFigs. 1d and e and videos S2 and S3 in Supporting
Information) the nickel clusters, resembling elongated hemispherical structures similar to
nanotubes or fullerene-like carbon cages, respectively. Our time-resolved AC-HRTEM images
clearly indicate that the nickel clusters act as a stable surface for the carbon cagesi@ed
provide a source of dissolved carbon atoms for the cage to grow (Fig. 1c). The formation of cage-
like structures from amorphous carbon is driven by the energetic requirement of the carbon system
to reduce the number of high energy, low coordinate atoms in similar fashion to the previously
reported example in which a graphene sheet rolls up to faggruler e-beam irradiation
conditionﬁl The nickel clusters appear to be intimately incorporated in the structure of the carbon
cage, acting as a patch in the structure during all initial time series before being slowly éycase
the carbon cage with the cluster acting as a template for fullerene formation, finally resulting in

the formation of structure where the metal is encased in the carbon shell.



Our experimental measurements clearly indicate (Fig. 1d and e) that the characteristic

diameter of the carbon cages formed is about 1 nm. Using the empirical formula®
d=~ O.71><( N/ 6()” %that links the average fullerene diameter, d , and the number of carbon atoms

in the fullerene cage, N, we estimate that carbon cages formed comprise 100 — 200 atoms. In
literature carbon cages up to Ca160 are considered as fullerenes?!. Fullerenes with sizes up to C330
have been synthesized experimentally??. Large endohedral fullerenesich as La>Ci3s can also exist
23 Therefore the carbon cages with metal clusters inside observed in our study can be referred to
as EMFs.

The process of EMF formation is dependent on both there being sufficient carbon to encase
the entire cluster and also enough space inside the nanotube to enable the cage to fitearound th
nickel cluster. Upon formation of the EMF the resultant encased nickel cluster is passivated and
no further interactions are observed with carbon atoms within the nanotube. For larger clusters
where there is insufficient room in the nanotube for the cage to fit around the metal cluster, the
carbon shell is observed to grow from the nickel cluster, with the cluster acting as a support/surface
and being incorporated in the carbon framework, forming so-called patched heterofullerenes (Fig.
1c¢), which is structurally related to a short open-ended nanotube.

The mechanisms of EMF formation are complex and not fully understood as the synthesis
traditionally takes place under harsh conditions (e.g. high temperature, electric discharge etc.
making it impossible to follow the formation mechanisms using current analytical methods. Our
AC-HRTEM images capture the key stages of the nucleation, growth and rearrangement of the
carbon cages interacting with nickel, which can shed light on the actual mechanisms of ehdohedra
fullerenes formation and potentially open avenues for new types of EMFs. However, as AC-

HRTEM technology is still unable to reveal the full atomistic mechansism of this process, it is
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important to employ theoretical modeling. TIMB simulations have been performed to study the
atomistic mechanisms of formation of EMF with 1-2 metal atoms inside carbon cage starting from
metal-carbon vapét?® and reactions of nsersion into EMF cag®.Since the development of

the CompuTEM algorith&t?8, it is possible to realistically model chemical reactions induced by

the e-beam. The high-temperature MD step of this algorithm that is introduced after electron
collisions that have resulted in structural transformations provides efficient description of structure
relaxation that under real experimental conditions takes place in seconds. In this study we use a
version of this approach in which the momentum transferred from incident electrons to nuclei is
treated explicitly and no a priori information on possible reactions and their cross-sections is

need Previously MD simulations using CompuTEM algor have been applied to study

graphene-fullerene transformat(iilﬁ’ formation of metal heterofullererf@sand the cutting of

carbon nanotubes by nickel clusteunder electron irradiation.

To explore and deconvolute the separate roles of the electron irradiation and carbon
nanotube confinement, three cases of treatment have been considered: electron irradiation inside a
carbon nanotube, heat treatment inside a carbon nanotube, and electron irradiation in vacuum.
Since thermodynamical fluctuations have considerable influence on nonequilibrium processes in
small systems, 50 simulation runs were performed for each of these cases.

The initial structure of amorphous carbon consisting of 160 atoms and surrounding the
nickel cluster of 13 atoms was prepared by sequential addition of carbon dimers at random points

located at distances between 1.4 A to 5 A from the cluster center followed by annealing at high
temperature ( T,,,=2500 K). To mimic the structures observed in AC-HRTEM (Fig. 1d), where a

nanotube serves as a reactive container, the cluster surrounded by amorphous carbon was inserted

inside the (14,14) carbon nanotube with a hemispherical protrusion of 14.6 A in diameter. No

11



covalent bonds were formed between the amorphous carbon structure or nickel cluster and the

carbon nanotube wall as the distance between them during MD runs normally exceeded 3 A.

29138

The nickel-carbon potential developed in our previous papers was used to describe

interactions between the amorphous carbon and nickel cluster within these structures. This
potential was elaborated on the basis of the first-generation bond-order Brenner potential and
reproduces both the experimental and first-principle data on the physical properties of metallic
nickel as well as the relative energies of carbon species on nickel surfaces and in the bulk nickel
metal|°°| The potential was also previously applied for simulation of carbon nanotube cutting
catalyzed by nickel under electron irradiation showing the qualitative agreement of structure
evolution with the experimental observations and correctly predicting the key stages of the

cuttinglj The carbon nanotubestructure was geometrically optimized and then fixed. The

Lennard-Jones 12-6 potential U (r)= 48[(0 / r)12 —(o/ r)GJ was used for interactions between the

carbon nanotube wall and all atoms inside it. The parameters for interactions between the
amorphous carbon and carbon nanotube (.. =3.40 meV, 0o =3.73 A) were taken from the
AMBER force-field for aromatic carbon atoms®®. The parameters for interactions between the
nickel cluster and the carbon nanotube (&g =5.28 meV, o¢y =1.78 A) were chosen to reproduce

the binding energy and equilibrium distance for a graphene layer on the nickel (111) surface
obtained on the basis of the adiabatic-connection fluctuation-dissipation theorem in the random
phase approximation (RPA)*!*2, This approach offers a natural way to describe non-local van der
Waals interactions and is much more accurate compared to density functional theory methods even
with special van der Waals functionals. In particular, the RPA method gives a value for the distance

between the graphene layer and the nickel surface that is very close to the experimental value of

rp=2.11 A (see Ref. 33 for review). Average values of the binding energy and the equilibrium

12
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distance from two RPA calculations were used as the fitting parameters of the potential (

Eyni =—68.5 meV and Iy =2.18 A, respectively).

MD simulations were carried out using the in-house MD-kMC?** (Molecular Dynamics —
kinetic Monte Carlo) code. The integration time step was 0.6 fs. In simulations without electron
irradiation, the temperature was maintained at T=2500 K by the Berendsen thermostat®®> with a

relaxation time of 0.3 ps. In simulations with electron irradiation, the electron flux was j=4-10°

e/nm?/s and the kinetic energy of electrons was E =80 keV. To exclude thermally induced

structural transformations during the high temperature MD step, the temperature and duration of

this step were chosen to be Ty =1800 K and 100 ps, respectivel The relaxation times of the

thermostat were 0.1 ps, 3 ps and 0.3 ps for steps 1, 5 and 6 of the CompuTEM algorithn]“

respectively. The criteria used to distinguish the nanoobjects formed (EMF, patched
heterofullerene, fullerene with attached nickel cluster) are described in Note S1 in Supporting
Information

The simulations for all three cases considered (electron irradiation inside the carbon
nanotube and in vacuum and heat treatment inside the carbon nanetwdsded qualitative
similarities in terms of the specific processes of EMF and heterofullerene formation.
Transformation of amorphous carbon into a fullerene cage takes place with the resulting formation
of a heterofullerene with a nickel patch or an EMF with a nickel core depending on the position of
the nickel cluster at the moment when the fullerene cage builds up. Examples of the MD
simulations carried out to explore the electron irradiation intitated tranformations inside the carbon
nanotube resulting in EMF and into a patched heterofullerene formation are shown in Figs. 2a and
2b, respectively. Fig. 2a shows fast formation of the closed fullerene cage around the nickel cluster

and the stability of this cage during the simulation time. The formation time was in the order of

13



1000 s and the accumulated dose of #e¥An? in the MD simulations correlates very well with

the characteristic time scales and doses observed in the experiments. The average interatomic
distance between nickel atoms in the cluster is 2.4 A, which corresponds to the distanee betwe
nearest neighbour projections of atoms onto the (111) plane of 2.1 A, in agreement with the
experimental observations. The presence of structural defects like heptagons in the fullerene cage
is typical for MD simulations of fullerene formation due to the relatively small simulation time

accessible for MD, see, for example, simulations of formation of fullerenes from carbo#f vapor

and EMFs with one-two metal atoms inside the carbon cage from metal-carboAf&apor

Examples of structure evolution simulations which form the same nanoobjects under electron
irradiation in vacuum are shown in Fig. S5 in Supporting Information. The more perfect structure
of EMFs formed in vacuum compared to the ones inside the nanotube is related to an increase in
the accessible simulation time due to the decrease in size of the simulated system. The observation

of carbon chains attached to the fullerene cage are also typical in simulations of fullerene

formatioﬁ
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Figure 2. Structure evolution of nickel clusters with carbon in molecular dynamics simulations
under electron irradiation: (a)-(b), Simulated structure evolution of the amorphous carbon with a
nickel cluster attached inside the carbon nanotube under electron irradiation in AC-HRTEM: (a)
transformation into an endohedral metallofullerene, structures observed at: (al) 0s, (a2) 50 s,
(a3) 149 s, (a4) 300 s, (ab) 450 s, (a6) 650 s, (a7) 750 s and (a8) 900 s; b, transformation into a
patched heterofullerene, structures observed at: (b1) 0 s, (b2) 50 s, (b3) 152 s, (b4) 200 s, (b5)

450 s, (b6) 602 s, (b7) 750 s and (b8) 900 s.
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In all three considered cases of amorphous carbon treatment EMF formation is observed
for only part of the simulation runs and thus can be classified as a casual event in accordance with
our experimental observations. Note that only patched heterofullerenes were observed in
simulations exploring the transformation of a graphene flake with a nickel cluster attached under
electron irradiation in vacuﬁThis implies that for EMF formation from a carbon nanostructure
with a metal cluster attached, amorphous carbon is the preferable starting structure compared to
graphene flakes. EMFs are found to be significantly more stable under electron irradiation and
heat treatment than patched heterofullerenes, which transform into closed fullerene cages with the
nickel clusters attached through a relatively small number of bonds to the outside of the cage and
typically results in desorption of the nickel clusters over time. This qualitative conclusion on the
relative stability of EMFs and patched heterofullerenes is in agreement with the greater binding
energy for the most part of EMFs in comparison with patched heterofullerenes (Fig. 3a).

Although common qualitative features are observed for EMF and patched heterofullerene
formation in the three considered cases of treatment, time dependences of fractions of different
nanoobjects shown in Fig. 4 reveal considerable differences in EMF and patched heterofullerene
maximal yields (Fig. 3b). The yields of EMFs and heterofullerenes under electron irradiation
compared to heat treatment are signifiacntly greater (observed increases of 600 % and about 150
% for EMFs and heterofullerenes, respectively). This differs from general expectations that
transformation processes should occur similarly for any source of energy for bond rearrangements,
i.e. heat treatment or electron impacts. We believe that the latter holds for pure carbon systems.
For example, in the experimental studies of graphene nanoribbon formation inside carbon
nanotube¥ and simulations of the graphene-fullerene transfornﬁ?%no difference was found

between the products of heat treatment and electron irradiation. However in metal-carbon systems

16



the energy received from electron impacts is transmitted mainly to light carbon atoms. Therefore
electron irradiation promotes mainly bond rearrangement within the carbon network. This is in
stark contrast to heat treatment, which favours penetration of the nickel cluster through the
fullerene cage and desorption of the cluster from the cage. Interestingly approximately 4 carbon
atoms per simulation are removed from the system in the simulations under electron irradiation
inside the carbon nanotube. Since carbon atoms bonded to nickel atoms have a considerably greater
probability of being removed from the metal-carbon system by electron impacts than three-
coordinated atoms of the carbon netwotknock-out of such atoms gives some preference to
formation of EMFs in comparison to heterofullerenes. This effect can also contribute to the greater

EMF yield under electron irradiation.
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Figure 3. Time dependences of the potential energy and maximum vyield of endo- and
heterofullerenes observed in molecular dynamics simulations: (a) Calculated time dependences of
the potential energy per atom of the nickel-carbon structure under electron irradiation in AC-
HRTEM in vacuum for 50 molecular dynamics runs. The results of the simulations where
endohedral metallofullerenes and patched heterofullerenes weredfareashown by green and
red lines, respectively; (b) Calculated maximum vyields of endohedral metallofullerenes and

patched heterofullerenes under electron irradiation in AC-HRTEM in vacuum (blue bars), under
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electron irradiation inside the carbon nanotube (green bars) and under heat treatment inside the

calbon nanotube (red bars).

As the EMF yield under electron irradiation inside the carbon nanotube is al¥éut 30
greater than in vacuum it is clearly important to consider also the possible role of the nanotube in
such transformations. The transformation of amorphous carbon into a fullerene cage is a directed
process which occurs with a considerable decrease of the total energy shown in Fig. 3a and without
reverse transitions (see Figs. 4d, e and f and experimental observations (Fig. 1)). The influence of
the nanotube on this transformation is not essential. In contrast penetration of the nickel cluster
through the fullerene cage during the cage formation and thereafter is possible in both directions,
into and out of the cage, throughdle in the cage that is not completely closed yet or through a
hole formed in the closed fullerene cage by dissociation of carbon bonds around the cluster. In
particular, the translation of the cluster from outside to inside of the cage corresponds to the
observed transitions from the patched heterofullerene to the EMF under electron irradiation (Figs.
4e and f) and from the fullerene with the attached cluster to the patched heterofullerene after heat
treatment (Fig. 4d). The carbon nanotube wall prevents motion of the nickel cluster out of the
fullerene cage. Thus the carbon nanotube provides some assistance to the formation of EMFs
versus patched heterofullerenes when compared with the same transformations in vacuum and

explains the observed increase in EMF yield inside the carbon nanotube compared to in vacuum.
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Figure 4. Time dependences of fractions of different nanoobjects and number of transitions
between them observed in molecular dynamics simulations. (a), (b) and (c), Calculated time
dependences of fractions of different nanoobjects: nickel cluster surrounded by amorphous carbon
(white), endohedral metallofullerene (green), patched heterofullerene (yellow), fullerene with
attached nickel cluster (blue), fullerene and detached nickel cluster (red); (d), (e) and (f),
flowcharts showing transitions between the structures; (a) and (d), Heat treatment inside the carbon
nanotube, (b) and (e), electron beam irradiation in vacuum, (c) and (f), electron beam irradiation

inside the carbon nanotube. The calculated average number of transitions per single structure of a

given type is indicated.

In summary, the synthesis of EMFs containing clusters of up to 50-70 nickel atoms has
been demonstrated. EMFs formation is initiated by electron irradiation in AC-HRTEM of the
starting nickel cluster surrounded by amorphous carbon or attached to a graphene flake in the
interior of a carbon nanotube. Importantly to date it has not been possible to synthesise EMFs with
transition metal atoms using traditional EMF synthetic methods, however our proposed method

can potentially be extended to other late transition metal atoms. Moreover EMFs obtained up to
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now at high temperature in the gas phase via the modified arc discharge method have had a
maximum of 4-7 atoms of different metal compounds inside the fullere Geparately,
multicage carbon nanoparticles with a metal core of 5-10 nm in diameter have been obtained by
high temperature treatment via laser irradiafiorlere we illustrate a methodology that fills the
gap between these nanoobjects and enables the formation of EMFs with tens of metal atoms inside.
It should also be emphasized that the formation mechanism of nickel cluster EMFs achieved at
room temperature is principally different from both the assembly of conventional EMFs in the gas
phase or formation of multicage carbon nanoparticles with a metal core which are made via a
dissolution-precipitation mechanism. In both of the latter methods formation of metal-carbon
nanostructures takes place in an open system with an external carbon source. In contrast, in our
method the system should be isolated, so that carbon supply from outside of the system is
insignificant during the transformation. Such lack of carbon is the main reason of EMF formation
instead of carbon nanotube. Another essential feature of the proposed method is that the number
of heavy metal atoms is conserved during the total transformation of the initial carbon system into
a closed fullerene cage as a result of electron impacts. This is very different to the formation of
multicage carbon nanoparticles with the metal core, where merging of nanoparticles was
observgd’| Thus our method enables us to select a specific metal cluster (given number of atoms
of different metals), surrond it with a carbon nanostructure, and then synthesize a EMF with
complete confidence of the composition of the final internal cluster.

We have also explored the formation mechanism of EMFs under electron irradiation,
revealing the separate roles of electron irradiation and carbon nanotube templating within the
formation of EMFs by considering three specific cases of treatment of nickel clusters surrounded

by amorphous carbon; electron irradiation inside a carbon nanotube, under electron irradiation in
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vacuum and heat treatment inside a carbon nanotube, using molecular dynamics simulations with

the CompuTEM algoritl-rd %l Whilst the formation of EMFs is observed for all three simulated

cases, the highest yield of EMFs takes place under electron irradiation inside carbon nanotubes.
Thus both electron irradiation and carbon nanotube promote the EMF formation. Since the yield
of EMFs under electron irradiation is several times greater than under heat treatment the role of
electron irradiation appears crucial. This is related to the fact that under electron irradiation the
energy transmitted to the system is mostly transferred to the carbon atoms and, therefore, this
energy is almost exclusively spent on the transformation of the carbon nanostructure into the
fullerene cage, while during heat treatment some part of the energy provided is consumed on
driving the metal through the forming fullerene cage and cluster desorption. The carbon nanotube
is demonstrated to act as a very narrow container which prevents motion of the nickel cluster out
of the fullerene cage and its subsequent desorption. However the yield of EMFs under electron
irradiation inside carbon nanotubes is less than half greater than that of the same numerical
experiment in vacuum. This open up possibilities for quantity production of new types of EMFs
and heterofullerenes in vacuum or buffer gas or on a surface by electron irradiaticet or he
treatment of initial carbon-metal nanostructures if merging of the forming EMFs or
heterofullerenes can be prevented. This process is analogous to the graphene flake to fullerene
transformation under electron irradiaﬁrwhich have been observed on graphite surface. The
methods of synthesis of nanometer-sized graphene flakes are now actively elaborated 4ee Ref.
for a review). Deposition of such flakes and metal clusters can be considered as opesHitie

ways to obtain initial carbon-metal nanostructures on a surface which can be transformed into
EMFs and heterofullerenes under electron irradiation. Since EMFs can easier diffuse on the surface

after their formation in comparison with initial carbon-metal nanostructures and thus can leave the
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area of synthesis such diffusion can be used for their separation. We believe that our study not
only sheds light on the mechanisms of the carbon shell formation around metal atoms, but it can

potentially stimulate the research into new and more efficient methods of EMF synthesis.
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