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The unique physical properties of carbyne, a novel carbon nanostructure, have attracted
considerable interest in modern nanotechnology. While carbyne synthesis has been accomplished
successfully using diverse techniques, the underlying mechanisms governing the carbon
monoxide-dependent catalytic synthesis of endohedral carbyne remain poorly understood.

In this simulation-based study, we investigate the synthesis of endohedral carbyne from
carbon and carbon monoxide radicals in the presence of a nickel catalyst inside double-walled
carbon nanotubes with a (5,5)@(10,10) structure. The outcome of our investigation demonstrates
that the incorporation of the carbon atom within the Ni,@(5,5)@(10,10) model system initiates
the formation of an elongated carbon chain. In contrast, upon the introduction of carbon monoxide
radicals, the growth of the carbyne chain is inhibited as a result of the oxidation of endohedral
nickel clusters by oxygen atoms after the initial steps of nucleation.

Our findings align with prior theoretical, simulation, and experimental investigations,
reinforcing their consistency, and providing valuable insights into the synthesis of carbyne-based
nanodevices that hold promising potential for future advancements in nanotechnology.

Keywords: double wall carbon nanotube, nickel catalyst, endohedral carbyne, molecular
dynamics, catalytic synthesis, oxygen effect, catalyst poisoning.
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Introduction

Carbon-based nanomaterials, including graphene, carbon nanotubes, and others, hold
significant importance in modern nanotechnology [1]. Among them, carbyne, an intriguing 1D
sp'-hybridized allotrope of carbon [2,3], features a linear chain of carbon atoms connected through
alternating single-triple (polyyne) or double-double (cumulene) bonds [4,5], making it a promising
material for future nanotechnology [6-8]. In recent years, carbyne has gained extensive attention
in experimental studies due to its remarkable physical and chemical properties [4,7-9]. Notably,
carbyne exhibits exceptional mechanical strength, surpassing that of graphene, carbon nanotubes,
and even diamond by a factor of two [10]. Additionally, carbyne displays high thermal
conductivity, reaching 148 kW/m/K [11]. With its compelling attributes, carbyne is considered a
promising nanomaterial for various applications, particularly in the fields of microelectronics [12]
and hydrogen storage, where its gravimetric storage capacity exceeds 8 wt.% [13].

Carbyne synthesis can be achieved through various growth methods, such as laser ablation
[14,15], arc discharge [16-18], electrochemical synthesis [19], on-surface synthesis [20,21], and
electron irradiation [22]. However, the synthesis of carbyne or long linear carbon chains (LLCCs)
presents significant challenges due to their high reactivity and instability [8,18,23,24]. To address
this, researchers have focused on the interior of single-, double-, and multiwalled carbon nanotubes
(i.e., SWNTs, DWNTs, and MWNTs, respectively), providing an ideal environment for the
synthesis of extended carbyne chains with over a hundred atoms [8,25-27]. In particular, a notable
achievement was made by Zhao and colleagues, who reported the first record-long carbon chain
containing over 100 carbon atoms within an MWNT using the arc-discharge method [16].
However, the arc-discharge method can only grow LLCC inside MWCNT (.e.,
LLCC@MWCNT), and researchers are aiming to achieve LLCC@SWCNT or LLCC@DWCNT
by adjusting the growth conditions [8]. Subsequently, Shi et al. achieved the growth of a record-
long carbyne chain comprising 6000 carbon atoms inside a DWNT using the heat-treatment
method, which remains an unbeaten record to date [25]. Researchers also found that tube structure
(chirality) and diameter (curvature) significantly influence the synthesis of confined LLCCs
[28,29]. Although annealing SWNTs or DWNTs at high temperatures or applying femtosecond
lasers has been shown to facilitate the production of LLCC@DWNT/SWNT, it was found that
carbon chains can form between neighboring DWCNTSs rather than inside the inner tubes of the
DWCNTs in the heat-treatment method [30,31]. Furthermore, a key concern in this method is the
source of carbon and its transformation into LLCCs: the carbon source could originate from
amorphous carbon within or surrounding the CNTs or even from the CNTs themselves [31,32].

In an alternative approach, researchers have been investigating the growth of carbyne or
LLCC by carefully inserting selected molecules into CNTs, acting as safe containers [33,34]. This
nanoreactor method provides an excellent environment for controlling self-assembly, reactions,
and the formation of metastable structures [8,34,35]. Importantly, this method requires lower
temperatures for LLCC growth compared to arc-discharge and post-treatment methods, as it relies
on molecular reactions rather than recrystallization of graphitic structures [8]. For example, C.
Zhao et al. successfully formed LLCCs by enclosing polyyne molecules into DWCNTs and
annealing them at 1000°C under high vacuum conditions [27]. Similarly, J. Zhang et al. observed
Raman features related to LLCCs after heating adamantane enclosed in CNTs at temperatures
ranging from 600°C to 700°C [36]. On the other hand, using such low temperatures can reduce the
rate of reactions, leading to the incomplete dissociation of molecules and radicals, which may
cause damage to the container [37,38]. To address this concern, an alternative option can be
considered, involving the use of catalyst particles inside the tube [39,40]. In particular, our
previous studies have examined the mechanism of catalytic growth of endohedral carbyne using
various hydrocarbon species [37,41], along with studying the physical properties of the resulting
structure [41,42]. While these investigations have provided some insights into catalytic carbyne
growth, the mechanisms involved in the catalytic synthesis of carbyne from oxygen-containing
hydrocarbon precursors and the specific role of oxygen in carbyne growth remain elusive. This



knowledge gap hampers a better understanding of the feedstock effect in the catalyzed growth of
endohedral carbyne. Therefore, our study aims to investigate the synthesis processes of endohedral
carbyne within DWNTs using a nickel catalyst and two carbon feedstocks, namely, C and CO, by
employing reactive molecular dynamics (MD) simulations.

Computational details

In this study, we use the LAMMPS program [43], which is based on the reactive MD method,
to simulate the carbyne synthesis processes. We employ the ReaxFF potential [44] with a
parameter set developed by Zou et al. [45] to describe the interatomic interactions in the system.
As a model system, we choose the Nis@(5,5)@(10,10) system, which denotes that the Nis
nanocluster is located inside the (5,5) nanotube, which, in turn, is located inside the (10,10)
nanotube. In other words, the designation 'Nis@(5,5)@(10,10)" indicates that the Nis nanocluster
is introduced as a catalyst particle in the (5,5)@(10,10) DWNT (see Fig. 1). The inner and outer
diameters of the DWNT are 0.68 and 1.37 nm, respectively, and these values are fairly close to the
experimentally reported diameters of DWNTs; the inner diameter ranges from 0.63 to 0.79 nm,
and the outer diameter ranges from 1.3 to 1.6 nm [46]. According to Shi et al. [25], the
carbyne@(5,5) configuration has the lowest interaction energy, favoring a (5,5) nanotube with a
0.69 nm diameter. The carbyne-nanotube distance is approximately 0.34 nm, similar to the
graphite interlayer spacing found in experiments. Additionally, the (10,10) tube is a suitable choice
as the outer tube for the (5,5) tube, as reported by Charlier et al. [47] and Saito et al. [48].

0.68 nm
1.37 nm

Fig. 1. Side (a) and top (b) views of the Nis@(5,5)@(10,10) model system. Carbon atoms of the DWNT are
not shown; light and dark gray wireframes represent the outer and inner walls of the DWNT,
respectively. Ni atoms are shown as green balls.

The simulation box size is 5.0x5.0x2.7 nm?, and periodic boundary conditions are applied in
three axes. Specifically, applying them along the z-axis, which represents the length of the DWNT,
allows for the simulation of an infinitely long DWNT. This suggests that the carbon chain formed
inside the DWNT is theoretically infinite due to the PBC, whereas in the simulations it appears
with a finite length [8]. For infinite DWNTs, estimating the filling or volume fraction of
endohedral Ni atoms in the inner tube is more meaningful than using their concentration (or exact
number). The volume fraction is obtained by dividing the average volume of Ni atoms by the
effective volume of the inner tube of the DWNT (in %). The average volume of each Ni atom is
determined using the van der Waals radius, approximately 1.63 A [49]. The effective volume of
the inner wall of the DWNT is calculated using the concept of the effective diameter [50],
represented as dorr = dgeo — Oc—ni> Where d, gy is the effective diameter of the inner wall of the
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DWNT (0.68 nm) and oc-ni is the sigma bond length of C-Ni (0.25 nm). According to this
calculation, the inner volume fraction of the nanotube (0.39 nm?) filled by the Nis nanocluster
(0.09 nm?®) is estimated to be approximately 23%, which indicates ample room for precursors and
the growing chain inside the inner tube of the DWNT.

The energy of the model system is initially minimized by applying a combination of steepest
descent and conjugated gradient methods. Subsequently, the temperature of the systems is
increased to 1700 K (with a temperature gradient of 1 K/ps) in the NpT ensemble using a
Berendsen thermostat and barostat [51]. Then, the system is equilibrated using the Bussi
thermostat [52] in the NVT ensemble. Afterward, the chosen carbon precursors (i.e., C and CO)
are sequentially inserted into the inner tube at an interval of 250 ps. The initial velocity of each
feedstock is in a random direction, and its magnitude is set to the root-mean-square velocity,
corresponding to the growth temperature (i.e., 1700 K). The impingement flux for both C and CO
species is chosen to be 0.687 nm™ns™!, and the corresponding gas pressures [53] are found to be
37.6 and 56.8 kPa, respectively. During the simulation, to keep the pressure of gas-phase
molecules constant inside the DWNT, O2 molecules are released from the system every 10° MD
steps (i.e., 0.25 ns) [37]. A time step of 0.25 fs is used in all MD simulations, and the maximum
simulation time lasts 9 ns. Normally, experimental carbyne growth takes a longer time, but a higher
temperature speeds up the simulation-based growth by overcoming barriers and reducing
computational costs. The simulations are conducted at least ten times for each study case, and the
results are obtained by averaging the corresponding physical quantities.

Results and discussion

Fig. 2 shows the nucleation (Fig. 2, steps I-11I) and continued growth (Fig. 2, steps IV and V)
periods of endohedral carbyne in the presence of Nis catalyst and C (a) or CO (b) precursors.
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Fig. 2. Two periods of the synthesis of Ni-catalyzed endohedral carbyne in DWNT from C (a) and CO (b)
radicals. Ni, C, and O atoms are depicted here in green, gray, and red colors, respectively. For
clarity, the carbon atoms of DWNT are not shown. In each dashed rectangle, the same structure is
shown with and without partial charges, ranging from -1 (red) to +1 (blue).



In the case of the C precursor, the carbon atom introduced into the DWNT is initially adsorbed
(with an adsorption energy barrier of 0.29 eV) on the nickel cluster. Since the electronegativity of
carbon atoms (yc=2.55) is greater than the electronegativity of nickel atoms (yni=1.91), the average
partial charge of carbon atoms is negative (60=-1.49 ¢), whereas the average partial charge of nickel
atoms is positive (0=+1.63 ¢) in the inner wall of the DWNT. As a result, the C precursor
introduced into the DWNT is induced under the influence of positive nickel atoms, creates a
negative partial charge (6=-0.14 ¢) (see Fig. 2a, step 1) and attaches to the nickel cluster due to
electrostatic forces (Fig. 2a, step II). Then, the C precursor diffuses on the surface of the cluster
and binds with another adsorbed precursor, the calculated diffusion (0.4 eV) and binding (0.1 eV)
energy barriers which correspond to reported data [41,54]. Consequently, a carbon dimer or initial
carbyne nuclei appear in the DWNT (Fig. 2a, step III), and this period of synthesis (i.e., steps I-
IIT) is called the nucleation of the carbyne structure. After the nucleation period, the nickel
nanocluster splits into two smaller fragments, which bind at both ends of the carbon chain and
remain throughout the entire growth period (see steps IV and V in Fig. 2a and cf. Fig. S1 in the
Supporting Information). This splitting (or the structure transformation) process can be divided
into four stages (see Fig. 3a).
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Fig. 3. (a) Transformation of the structure from Nimi-Cpi-Nim2-Cn2-Nim3 to Ni-Cpiin2-Nij in a DWNT with a
volume fraction of Ni atoms of 5%. (b) Transformation times for stages Il and 1V as a function of
the volume fraction of Ni atoms in DWNTs.

In the first stage, two separate carbon chains link through Ni atoms or nanoclusters. In the second
stage, middle Ni atoms catalytically facilitate the formation of C-C bonds between these two
chains, requiring an activation energy barrier of 1.5 eV. Consequently, the bonding behavior of
carbon atoms prevents the stable chemical connection of nickel atoms with the central carbon
atoms of the chain. As a result, weakly bonded middle nickel atoms can freely move or diffuse
along the newly formed longer carbon chain during the third stage, with an activation barrier of
1.3 eV. This phenomenon is attributed to the distinct nature of carbon atom’s binding in the middle
and at the end of the chain. Finally, in the fourth stage, all nickel atoms connect to the terminal
atoms of the chain. Throughout these stages, the energy of the thermodynamic system
progressively decreases. Specifically, the molar Gibbs free energy change (AG) [37] is -0.83 eV,
-1.04 eV, and -1.56 eV for stages II, III, and IV, respectively (see Fig. 3a). This energy decrease
indicates an increase in the stability of the system during structural transformations. The results
demonstrate that the second stage (binding of two separate carbon chains) and fourth stage
(formation of a new longer chain with terminal nickel atoms) are fundamental in this
transformation, and their duration depends on the volume fraction of nickel atoms in the DWNT
(see Fig. 3b and Fig. S1). It is important to note that nickel termination at both ends of the chain
prevents undesired bonding between the chain and the tube interior [17], and these nickel atoms
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continuously promote the safe formation of C-C connections [41]. Our calculations show that with
an increase in the length of the carbon chain per addition of one carbon atom, the energy of the
chain decreases by -7.05 eV, which is in the range of values (from -5.77 eV to -7.67 eV) obtained
by quantum mechanical calculations [10,14,55]. Overall, these results strongly suggest that if the
growth process continues uninterruptedly, an infinite carbon chain, known as carbyne [7],
terminated with metal atoms, can ultimately be achieved.

In the case of the CO precursor, as in the case of the C precursor, the introduced CO radical
is first adsorbed on the nickel cluster (Fig. 2b, step II) with an adsorption energy of 1.2 eV, which
is very close to the experimental value of 1.1 eV [56]. The simulation results show that the radical
binds to the catalyst on the oxygen side, and this phenomenon can be explained by the partial
charges of the atoms of the system. As mentioned above, due to the difference in the
electronegativity of carbon (yc=2.55) and nickel (yni=1.91) atoms, the partial charges of carbon
atoms of the inner part of the DWNT turn out to be negative (6=-2.03 ¢), whereas the nickel atoms
of the nanocluster obtain a positive charge (0=+2.28 ¢). On the other hand, due to the stronger
electronegativity of the oxygen atom (yo=3.44), partial charges of oxygen and carbon atoms in the
CO radical become 6=-0.40 e and 6=+0.15 e (Fig. 2b, step I). As a result, CO binds to the catalyst
on its oxygen side because of the electrostatic interactions between the positive nickel and negative
oxygen atoms. Then, CO radicals diffuse (with a diffusion energy barrier of 0.2 eV) on the surface
of the catalyst, followed by the dissociation of the C-O bond (with a dissociation energy barrier of
2.5 eV) caused by the nickel catalyst, which reduces the dissociation energy barrier of the bond by
approximately 3.6 times. As a continuation, a newly dissociated carbon atom binds (with a binding
energy barrier of 0.1 eV) to a previously dissociated carbon atom and consequently forms a carbon
dimer (Fig. 2b, step III). This process corresponds to the nucleation period of the catalyzed carbyne
growth from the CO precursor. Simultaneously, the remaining oxygen atoms either bind each other
(with a binding energy of 5.4 eV) and leave the nanocluster surface as O2 molecules or form a
strong Ni-O bond (with a binding energy of 3.9 eV) as a result of breaking the Ni-Ni bond (with a
dissociation energy of 2.4 eV).
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Fig. 4. Molar Gibbs free energy of the nanocatalyst (red) and the dissociation energy of the C-O bond
(black) as a function of the oxidation state of the nanocatalyst.

In the continued growth period (Fig. 2b, steps IV and V), as a result of the gradual breaking
of Ni-Ni bonds and the formation of Ni-O bonds, the nanocatalyst is rapidly oxidized, and the
change of molar Gibbs free energy [37] of the resulting NixOy nanocluster decreases constantly



(Fig. 4). In particular, the molar Gibbs free energy changes from 0 to -2.2 eV when the oxidation
state of the cluster is changed from 0 to 100 %, thereby indicating the formation of a stable
nanocatalyst. Consequently, the oxidation of nanocatalysts leads to a loss of their catalytic
properties or poisoning. When the catalyst is completely oxidized, the energy required for the
dissociation of C-O bonds on the catalyst surface increases by 2.5 times (Fig. 4, black curve).
According to the theory of active centers [57], in the process of catalyst poisoning, the poison (i.e.,
oxygen atoms) is strongly adsorbed on the active sites of the catalyst and covers it. Due to the
formation of strong chemical bonds between the poison and the active sites of the catalyst, it
becomes very difficult for reagents (CO) to displace the poison and move to the active centers. As
a consequence, the catalyst loses its catalytic properties and causes CO radicals to remain in the
gas environment without decomposing. This, in turn, leads to the interruption of the carbon supply
and consequently the growth of carbyne.
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Fig. 5. (a) Evolution of the C-C bond length in grown carbon chains as a function of the normalized
growth time. (b) Bond length alternation in the nickel-terminated carbyne consisting of 10, 14 and 100 C
atoms.

In addition to studying the growth mechanism dependent on the feedstock, it is also important
to assess the growth kinetics and analyze the structure. Figure 5a shows that the average C-C bond
length in the grown chain initially fluctuates significantly (ranging from 0.125 nm to 0.16 nm)
during the growth of the C feedstock cases (see Fig. 5a, C). However, it eventually stabilizes at
approximately 0.132 nm (cf. Fig. 2a, V), which closely matches experimental measurements for
the C-C bond length (i.e., 0.131 nm) in a metalated carbyne [21]. Carbyne typically prefers a
polyyne structure (...—.C=C—C=C-...) with alternating C-C bond lengths due to the Peierls
distortion [58]. At absolute zero temperature, the obtained Ni—Ci-...-C14—Ni structure (cf. Fig. 2a,
V) exhibits an average bond length alternation (BLA=|ri-r2|) of approximately 6.71 pm (Fig. 5b,
red open circles). In particular, the BLA changes from 20.59 pm (near the chain end) to 0.23 pm
(in the inner part of the chain), indicating a combination of polyyne and cumulene-like
(...=C=C=C=C=...) characteristics along the chain [55,59]. Such a similar character is also
observed in the cases of the nickel-terminated carbyne structure with 10 and 100 C atoms (see Fig.
5b, black open squares and blue dots, respectively). Although the chain structure has this dual
character, most parts of the chain display a cumulene-like structure with an average bond length
of 0.1275 nm, consistent with the stable cumulene structure (with a length of 0.1282 nm) obtained
from ab initio calculations for the inner part of the chain containing more than 10 atoms [55].
Furthermore, other DFT calculations show an energy difference of 2 meV per carbon between
polyyne and cumulene structures [10]. Consequently, the carbyne structure transforms from
polyyne to cumulene-like due to zero-point atomic vibrations, resulting in the stability of the latter
carbyne structure [4].



In contrast to the C feedstock cases, where we observe a well-defined chain structure with
polyyne-cumulene character, the CO feedstock case shows completely different behavior. Instead
of a continuous and ordered chain, the CO feedstock leads to the appearance of only a few C-C
bonds with varying lengths ranging from 0.112 nm to 0.164 nm (see Fig. 5a, CO). This indicates
a more complex and irregular arrangement of carbon atoms, making it challenging to assign a
specific chain with a polyyne-cumulene character in this case.

Conclusions

Using reactive molecular dynamics (MD) simulations, we investigated the growth
mechanisms of encapsulated carbyne in double-walled carbon nanotubes (DWNT) catalyzed by
nickel (Ni) from carbon (C) and carbon monoxide (CO) feedstocks. Our results revealed that the
presence of a Ni cluster facilitates the formation of long carbyne chains when C precursors are
introduced into the DWNT. In contrast, the insertion of CO radicals into the tube leads to the
oxidation of the Ni cluster due to radical dissociation. Consequently, the catalytic activity of the
Ni catalyst diminishes gradually, eventually resulting in its poisoning. Unlike C precursors, CO
radicals solely contribute to the formation of carbyne nuclei, where subsequently introduced
radicals remain in the gas phase without decomposition, leading to the cessation of carbyne chain
growth. This study enhances our understanding of the synthesis mechanisms of long carbyne
structures by considering the catalyst-feedstock tandem.

Supplementary Material

Transformation steps of the structure from Nimi1-Cni-Nim2-Cn2-Nim3 to Nik-Cn14n2-Ni1 in
double-walled carbon nanotubes with different volume fractions of endohedral nickel atoms.
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