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Abstract

In order to gain full control over the growth of carbon nanotubes (CNTs) using plasma enhanced
chemical vapour deposition (PECVD), a thorough understanding of the underlying plasma-catalyst
mechanisms is required. Oxygen containing species are often used as or added to the growth
precursor gas, but these species also yield various radicals and ions which may simultaneously
etch the CNT during the growth. At present, the effect of these reactive species on the growth onset
has not yet been thoroughly investigated. We here report on the etching mechanism of incipient
CNT structures from OH and O radicals as derived from combined (reactive) molecular dynamics
(MD) and force bias Monte Carlo (tfMC) simulations. Our results indicate that the oxygen
containing radicals initiate a dissociation process. In particular, we show how the oxygen species
weaken the interaction between the CNT and the nanocluster. As a result of this weakened
interaction, the CNT closes off and dissociates from the cluster in the form of a fullerene. Beyond
the specific systems studied in this work, these results are generically important in the context of

PECVD-based growth of CNTs using oxygen-containing precursors.



1. Introduction

Following the discovery of carbon nanotubes (CNT)!-2, their extraordinary properties*-® have been
the subject of many research projects. In particular, control over their chiral-dependent properties,
such as the electronic and thermal conductivities,®® is of a great interest. These properties are a
direct result of the growth mechanism, which is determined by the synthesis technique. Among

various CNT synthesis techniques, arc-discharge 7 °, laser ablation '* !

and chemical vapour
deposition methods !> 1* are the most widely used. Both thermal chemical vapour deposition
(CVD) and plasma-enhanced CVD (PECVD) techniques still hold great promise for reaching this
goal.'> % 15 In particular, PECVD offers potential for growth control, since it offers some
advantages over thermal CVD such as its use of lower temperatures and ability to grow vertical
aligned CNTs.!3 However, PECVD also shows several disadvantages in comparison to thermal
techniques. In particular, under plasma conditions, the carbon structures are exposed to high fluxes
of highly reactive radicals and ions, which may etch and sputter the growing strutures.'® As a
result, the net growth kinetics of the CNTs can be understood as a balance between growth and
removal processes.'+!7

The dual role of hydrogen has already been explored in several previous studies, both
experimental'82° and computational 7 2! and is reasonably well-understood. Hydrogen can
enhance or prevent the CNT growth regarding its concentration in the system.?? A study by Zhang
et al. compared different growth conditions of the vertically aligned SWCNTs.?® They report that
the reactive hydrogen species generally have a negative effect on the formation of SWCNTSs and
repeat again that they also etch the fully realised SWCNT. Namely, H-atoms contribute to the
etching process of CNTs by causing their sp? C-C bonds to break. Behr et al. reported that hydrogen
atoms preferably amorphize and subsequently etch graphite and CNTs.!® This selective etching
can be utilized as a way to eliminate unwanted carbon structures or to separate the different types
of conducting nanotubes as shown by Zhang et al. and Hou et al.'®- 23

A plasma environment also often contains oxygen atoms and other oxygen-containing species, as
they are added in the form of alcohols or water in thermal CVD to obtain a higher CNT yield. In
the same study Zhang et al. also state the role of oxygen as a hydrogen scavenger.?’ They observed

a positive effect on the growth because it can counter the high concentration of reactive hydrogen

present in PECVD. Zhang and co-workers conducted several PECVD growth experiments in



which they found that without O; in the feedstock there was a significant decrease in high-yield
nanotube formation. This would confirm that oxygen is removing the hydrogen atoms from the
CNT surface and in turn shifting the C/H-balance to favour the growth.

In the same vain as with the H, species, a number of studies have shown the usage OH or O species
as a way to selectively grow semiconducting CNTs.?!-2427 Most often it is added water vapour in
a CVD setup that decomposes to form OH radicals. But also species such as isopropyl alcohol and
carbon monoxide have proven to give similar results.?® 27 These oxygen containing species are
shown to mostly etch semiconducting nanotubes during the growth stage. The explanation for this
selectivity is that the chirality of the CNT is related to the chemical stability and more importantly
to the interfacial formation energy between the catalyst and the carbon structure.?®2° The catalyst
is thus an important factor in the etching process of OH species. Yang et al. specifically employed
this aspect to form their desired catalysts.’® In addition, Zhou et al. have also shown that the
etching effect only occurred in the catalyst area. Moreover, they proposed that there are certain
rules that need to be followed to get an efficient selection of nanotubes.?> When the water
concentration during the growing process is too high, only a very limited amount of CNTs are
formed.?® The reactive species most likely etch the growing network before it can assemble a stable
structure. The same Goldilocks principle was observed with O when working with a floating
catalyst.?®

Important to note is that in all these experimental studies, the effect of the OH species was not
singled out, but involve many different parameters such as the carbon feed rate, contributing to the
overall result. Still, detailed knowledge on the molecular level of the influence of oxygen species
on the CNT growth process is much scarcer than for hydrogen.

While the macroscopic mechanisms of thermal CNT nucleation from oxygen-containing
hydrocarbon feedstocks has been recently elucidated,”® at present, however, more detailed
atomistic studies aimed at a more precise understanding of the role of oxygen species in the plasma
CNT growth process have not yet been reported. 23132 Also the effect of oxygen species on the
nucleation of carbon nanostructures in PECVD has not yet been thoroughly studied.

In this work, we aim to partially close this knowledge gap. In particular, we study the etching
mechanisms of different caps and incipient nanotubes from oxygen species, such as O and OH in

a comparison with H atoms, using a hybrid Molecular Dynamics and Monte Carlo (MD/tfMC)



technique, in order to better understand the mechanisms underpinning the nucleation and growth

of CNTs in a plasma environment.

2. Computational details

All simulations in this work are performed using a combined (reactive) Molecular Dynamics (MD)
and time-stamped force-bias Monte Carlo (tfMC) technique.?* 3* The interactions between the
atoms are described by the ReaxFF force field, using parameters by Zou et al.*> developed for a
Ni/C/H/O system. All initial carbon nanostructures, i.¢e., (5,5) and (10,0) carbon cap and tube, are
attached on a NissCy nanocluster (according to VLS mechanism 3%). The structures are
subsequently thermalized prior to oxidation. During the thermalization, the temperature is kept
constant by the canonical Bussi thermostat’” at either 800 K or 1600 K. The NissC, nanocatalyst
is physisorbed on a virtual substrate employing a z-integrated Lennard-Jones potential.’® While
both nanotubes initially mismatch with a icosahedron Ni particle®®, the particle becomes
amorphous due to the Gibbs-Tomson effect (i.e., depression of a melting temperature) as well as

the substrate-catalyst interaction 4%-4!,

During the simulations, reactive oxygen species (O or OH) are inserted in the simulation box one
by one and their total density in the gas-phase (10 atoms/(40x40x40) A) is kept constant. When
an oxygen species attaches to the carbon nanostructure or the nanocluster, the ttMC simulation
takes over to relax the resulting structure. During the relaxation, no new atoms or molecules are
allowed to enter the simulation box. During the simulation, the etching products are removed every

10° MD steps to prevent pyrolysis reactions in the gas-phase.



3. Results and discussion

Figure 1. The detaching/etching stages of carbon cap in the case of OH (above) or H radicals (below).

Structure removal. Figure 1 demonstrates the detaching/etching process of a carbon cap of a (5,5)
CNT due to OH and H radicals. In our previous studies, we mechanistically studied H-based
etching of a carbon cap.'* !> 17 In this case, the cap converts to a carbon sheet during the
hydrogenation. After the complete etching of the structure (such as a carbon sheet and chains) as
a CiHy molecules/radicals, the Ni nanoparticle with dissolved C atoms remains attached to the
substrate.

However, as shown in Figure 1, the simulations demonstrate that the nature of the removal process
of the cap using oxygen (O or OH) species is different than in the case of hydrogen species. In this
case, the carbon structure eventually detaches as a fullerene from the substrate-bounded pure Ni
nanocluster. To understand these different etching mechanisms, we analyse the following key

phenomena during the oxidation/hydroxylation in comparison with hydrogenation.

Initial reactions. We observe that both OH and H radicals preferentially attach to the nickel
nanocatalyst, rather than to the carbon cap. While the hydrogen atom then either diffuses towards
the cap-catalyst interface or finds another adsorbed H atom and desorbs as H> molecule (i.e.,
Langmuir-Hinshelwood mechanism #2), the oxygen atoms prefer to remain dissolved in the nickel
cluster after recombination of two adsorbed OH radicals. In particular, the Ni catalyst facilitates
the recombination reaction, i.e., OH+OH—H>01+0, which mainly results in desorption of H,O
molecules. The results show that H>O molecules comprise on average about 90% of all desorbing
gas-phase species in the case of OH, while in the H case practically 100% of the desorption
products is H» (see Table 1). Although the fractions of other desorbed H,O, and etched C.H, or

C.H,0: species are non-zero, H>O in the OH case and H; in the H case are main species in the gas-



phase.

Table 1. The number of desorbed or etched species found in the gas-phase during the OH cases
(left) and the H cases (right).

H>O 414 86.61 Ha 1781 97.32
0)) 27 5.65 CH4 42 2.30
CO 20 4.18 CH; 6 0.33
O 7 1.46 CH 1 0.05

CO; 4 0.84

HO: 3 0.63

CO; 2 0.42




Because of their high density in the OH case, the water molecules frequently re-adsorb, much like
the recombination of H-atoms and (re-)desorption of H> molecules in the H case. However, due to
the high dissociation barrier of a water molecule on a Ni cluster (~1.25 e€V),?> O atoms rarely re-
dissolve into the nanocluster after H,O re-adsorption without an energetic barrier. In contrast, re-
adsorbed H» molecules dissociate relatively easily. Indeed, the dissociation barrier of H> on a Ni

cluster is only approximately 0.56 eV.?

Consequently, the amount of re-adsorbed H atoms can increase relatively easily, which leads to
enhancing the H-etching process. Opposite to this are the non-dissociated oxygen species like H>O,
which rather cause a delay in the oxygen-based etching process, neither adding nor removing
atoms from the cluster or from the CNT cap structure. This corresponds with previous studies in

which water molecules are added as a growth enhancer.*> 44
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Figure 2. The fraction of C-H (orange for H case and red for OH case) and
Ni-H (light green for H case and dark green for OH case) bonds as a
function of the number of MD steps.

Adsorbed H atoms. We find H atoms as the only adsorbed species in the H case. We find that after
a catalytic dissociation of adsorbed H» on the Ni cluster, the H adatoms diffuse towards the CNT
rim and form H-C bonds at the tube-cluster interface. In particular, Figure 2 shows that the fraction
of H adatoms connected to the cap (i.e., H-C bonds) rises while their fraction on the catalyst surface
(i.e., H-Ni bonds) decreases as a function of time. Consequently, such H connections to interface

C atoms weaken the neighbouring C-C bonds. In particular, H-C bonds results in more stress on



the ortho C-C bonds in the cap structure and consequently cause the C-C bond to break, which is
considered as the etching onset. !7 As a result carbon atoms are one by one removed from the CNT

structure, and the etched species are found in the gas-phase.!’

On the other hand, in the OH case, O species are mostly found as water, as mentioned previously.
In this case, most H atoms are removed due to the H,O desorption. Nonetheless, some H atoms
can remain on the catalyst surface due to the OH+OH—HO,1+H reactions, although its frequency
of occurrence is low (0.72% over all events). The remaining hydrogen atoms are thus only very
rarely found on the nickel particles before they desorb as either H> or H,O. Consequently, such
desorption brings their concentration at the tube-catalyst interface and on the cap structure to
practically zero. Therefore, the H adatoms in Figure 2 are only observed on the Ni particle. Due to

this behaviour, the etching rate of carbon structures by H atoms is negligible in the OH case.

Ni oxide nanoclusters. In the OH case, active water formation leads to a large fraction of dissolved
oxygen atoms, which oxidize and structurally modify the Niss nanocluster. This phenomenon can
be connected to the experimental finding® that Ni nanoparticles smaller than 5.5 nm burn up
completely during the oxygen treatment, even at low temperature (<600 K). The number of
dissolved O atoms keeps rising until saturation. As a consequence, their interactions with nickel
atoms lead to swelling of the nanocluster. % In particular, the Ni-Ni distance in the origin cluster
(with a radius of 5 A) increases in the NiO cluster (with a radius of 6.58 A) about 1.3 times. The
shape of the 1 nm-diameter nanoparticle is already stressed due to the Gibbs-Tomson effect*? 4!
but changes completely during the oxidation. We mostly find either NiO or Ni,O3 clusters amongst
other minor oxides (see Supplementary Figure 2). In the Ni,O, cluster, the formation of Ni-O

bonds, which are stronger than Ni-C bonds, 47-48

significantly weakens the interaction between the
oxidized nickel cluster and a carbon cap or tube. In particular, the interaction energies for Ni-
CNT(5,5) and NiO-CNT(5,5) are -3.69 eV and 8.26 eV, respectively. Also, the adsorption energy
difference for the (10,0) tube on the pristine Ni-cluster and the NiO-cluster is 14.29 eV (see
Supplementary Table 1). The results indicate that while the interaction energy between the
nanotube rim and the pure Ni nanoparticle (for (5,5)@Niss and (10,0)@Niss equal -3.69 eV and -
5.73 eV, respectively) depends on the tube chirality, which is in qualitative agreement with

quantum-mechanical calculation results®®, while the interaction energy does not strongly depend

on the chirality when the tube connects to the oxidized Ni nanoparticle (with energy differences



Dissolved C

of ~0.3 eV). Consequently, this phenomenon leads to the (oxide) catalyst inactivity in SWNT

growth selectivity*® which is in agreement with experimental observations®.

Dissolved-to-ring carbon. During the oxidation of the Ni cluster, dissolved C atoms diffuse toward
the cap rim due to weakening of the Ni-C bonds. Figure 3a shows the decrease in the number of

dissolved carbon atoms (dissolved C) while the number of C atoms in the carbon cap (ring C)

increases.
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Figure 3. The relative number of different types of carbon atoms as a function of MD steps for the OH case (3a) and H case (3b).

The initial amount of C atoms is 59 for both cases.

On the other hand, in the H case (Figure 3b), we can only see a decreasing trend for the ring C
atoms, i.e., the dissolved C atoms do not transform into ring C atoms. Furthermore, the number of
dissolved C remains constant. This indicates that the carbon structure (ring C) gradually loses its
C atoms, i.e., the structure is gradually etched. In contrast, in the OH case, the carbon cap on the
NiO-nanocluster detaches. This can be explained by the active transformation of dissolved C atoms
into ring C atoms, leading to blocking off the cap rim by a carbon network, thus necking the carbon
cap.?? Eventually, the cap converts to a fullerene molecule.

As mentioned above, the interaction energy of the carbon structure with the NiO cluster is lower
than the interaction with the Ni nanocluster. Therefore, the formed fullerene eventually detaches
from the NiO surface. Zhang et al. observed the termination and detachment of SWCNTSs on a
Co/MgO catalyst. 3! They propose that the necking is due to a broken carbon cycle where the

incorporation rate of carbon atoms (Cinc) is faster than the limited supply of active carbon species

D Sury



(Csup). Accordingly, the incorporation rate of the dissolved C atoms into the cap (tube) structure is
considerably higher in our case due to extensive formation of Ni-O links. Such imbalance results
in the weakened tube-catalyst interface causing the detachment of the CNT cap. In some cases, the
incorporation rate of O into the cap (tube) rim is higher than the incorporation rate of dissolved C
atoms. Consequently, C atoms in the cap (tube) rim bind to O atoms instead of to dissolved C
atoms. When numerous O atoms can bind to the base of the cap (tube), the carbon structure cannot
close off to form a closed or opened fullerene-like structures. When this O-terminated carbon cap
(tube) detaches from the cluster surface, the cap (tube) is subsequently damaged and/or destructed

(see Supplementary figure 1).

OH vs O. In the case of OH impact, the main remaining species on and in the nanocatalyst is the
O atom, as discussed before. When we compared the effects of OH and O radicals, we found that
the O radicals initiate the O dissolution faster than the OH radicals. The delay in the OH case is
explained by the OH+OH recombination time before they desorb as a H2O molecule. In case of
the O radical, the O atom dissolves into the cluster rather than diffusing on the surface and
recombining with another adsorbed O atom. Therefore, O> molecules are not the dominating
desorbing gas-phase species in the O case like desorbing H»>O is in the OH case or desorbing Ho is
in the H case. As a result, the nickel nanocluster reaches its saturation point faster in the O case.
After saturation, O atoms cannot dissolve further inside the cluster and will thus recombine with

other O adatoms before leaving the surface as O molecules.



Figure 4. Two scenarios of the detachment of small CNTs.

Overall, we find two possible scenarios for CNT detachment, as depicted in Figure 4, viz. (1) CNT
detachment as a fullerene in the both OH and O cases and (2) detachment of an O-terminated CNT
in the O case. In the first scenario, the O dissolution rate is lower than the incorporation rate of
dissolved C atoms into the CNT rim due to OH+OH or O+O recombination, while it can be faster
in the second scenario due to fast O dissolution. Consequently, O-atoms forming bonds to ring-C
atoms can occur in the second case. This phenomenon can be connected to the experimental
evidence that the residual oxygen in the catalyst suppresses tube growth®®. After saturation, O
adatoms can also attack the CNT rim which is not entirely closed off by a carbon cage. Based on
these two scenarios, either the dissociation takes place quickly or the oxygen atoms can bind to
the carbon structure and cause etching pits and/or etch the bottom of the fullerene molecule before
dissociating. After the oxidation (in both OH and O cases), the interaction between the
nanocatalyst and the O-terminated CNT or the fullerene becomes weak and unstable (see
Supplementary Table 1). The tube detachment or spontaneous cap formation due to a weak
nanocatalyst - SWNT binding strength was elucidated by Ding and colleagues as well’2. Namely,
the reactivity of the nickel nanocluster is reduced and it eventually entirely transforms to a nickel
oxide (NissOx) nanocluster. Consequently, the oxidation leads to detachment of the carbon

structure from the poisoned nanocatalyst, as discussed above.



4. Conclusions

Using combined MD/MC simulations, we study the oxidation and subsequent dissociation of
carbon nanotube caps and small carbon nanotubes. The initial hypothesis that the effect of
oxidation is similar to the hydrogenation etching effect, was proven incorrect. While the H atoms
prefer to bind to the carbon atoms and etch away the structure, O atoms mainly stay in the nickel
catalyst and oxidize the cluster. As a result, the H radicals destroy the carbon structure while
leaving only the nanocluster intact, while — in contrast — the O radicals saturate the nanocluster
and the carbon structure dissociates from the cluster, remaining largely intact.

We also calculated the interaction-energy between the CNT and the cluster before and after the
oxidation of the nanocluster. These results also indicate that the lowered interaction causes the
dissociation of the carbon structure. Overall, the H radicals etch away the carbon structure and do
not influence the interaction between catalyst and CNT. In contrast, the addition of OH radicals
causes the CNT to be removed from the nanocluster while keeping the structure largely intact. In
general, this study leads to a better understanding of the effect of oxygen radicals on the CNT

growth in a plasma environment.
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