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ABSTRACT

The need of designing and controlling single-walled carbon nanotube (SWCNT) properties is a challenge
in a growing nanomaterials-related industry. Recently, great progress has been made experimentally to
selectively control SWCNT diameter and chirality. However, there is not yet a complete understanding of
the synthesis process and there is a lack of mathematical models that explain nucleation and diameter
selectivity of stable carbon allotropes. Here, in-situ analysis of chemical vapor deposition SWCNT
synthesis confirms that the nanoparticle to nanotube diameter ratio varies with the catalyst particle size. It
is found that the tube diameter is larger than that of the particle below a specific size (d; = 2nm) and above
this value is smaller than particle diameters. To explain these observations, we develop a statistical
mechanics based model that correlates possible energy states of a nascent tube with the catalyst particle
size. This model incorporates the equilibrium distance between the nucleating SWCNT layer and the metal
catalyst (e.g. Fe, Co, Ni) evaluated with density functional theory (DFT) calculations. The theoretical
analysis explains and predicts the observed correlation between tube and solid particle diameters during
growth of supported SWCNTSs. This work also brings together previous observations related to the stability
condition for SWCNT nucleation. Tests of the model against various published data sets and our own
experimental results show good agreement, making it a promising tool for evaluating SWCNT synthesis

processes.
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INTRODUCTION

Single-walled carbon nanotubes (SWCNTSs) are among the most studied and promising carbon allotropes
for flexible electronics and biomedical applications due to their mechanical stability and high electronic
conductivity!=. The design and controlled synthesis of carbon allotropes (e.g. nanotubes, fullerenes) and
many other 2D polymorph materials have received increasing attention of several industries due to their
wide range of applications®=. Catalytic chemical vapor deposition (CVD) is currently the most widely used
technique for growing carbon nanotubes®®. This technology has been especially important in the mass
production of SWCNTSs and achieving a better selectivity in diameter and chirality. The structure of catalyst
nanoparticles, including size, composition, morphology and their evolution during the CVD process (e.g.

interaction with adsorbate gases and substrate) play a critical role in the growth of SWCNTSs™.

There is some consensus among experimentalists about the diameter-controlled synthesis of SWCNTs
grown using a supported nanocatalyst: A uniform distribution of supported small solid catalyst particles is
suggested to produce a homogeneous narrow nanotube’s diameter distribution!*-14, These works show a
strong relationship between the solid nanocatalysts size and the tube diameter profile. The phase of the
catalyst (i.e. solid or liquid) has been suggested as an important factor for reducing the variability of possible
chiral structures>'®, as well as that for diameter selectivity, with solid structures favoring such selectivity.
Statistical analyses establishing the ratio between the diameters of catalyst particles and those of
SWCNTsY1® together with observations regarding the growth mode, have given birth to additional
understanding, such as the tangential vs. perpendicular growth classification®. However, a model that may
guantitatively explain the link between SWCNTs and catalyst particle diameters has not been successfully
established limiting the advances of targeted synthesis for selective nanotube production and chirality

control.
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Figure 1. Simulated structure of a nucleated cap system (green/orange) growing over a nanocatalyst (blue) supported
on an oxygen-rich insulating substrate (e. g. Si0, , Al,05). [Top-Right] Nucleated semi-fullerene cap. [Bottom-Right]
Curved tubular nanoribbon (orange) at the SWCNT open-end interacting with the catalyst.



Earlier studies have highlighted the thermodynamics-driven nature of the SWCNTSs nucleation process®
and its connection with chirality selectivity??. For all chiral angles y, the energy scale variability associated
with the SWCNT caps is small, compared to that of the SWCNT to catalyst interface®. A high interfacial
surface stress between metal and carbon tends to peel off the cap. This process creates an incipient nanotube
nucleus that could be described as composed of a thin curved tubular nanoribbon interacting with the metal
surface topped by a semi fullerene cap as shown in Figure 1. We postulate that the fact that the nascent tube
has elastic properties, and therefore curvature energy, allows the SWCNT to reach a defined range of
energetically stable states. We show that the probability of reaching these stable states may determine the

diameter of the tube.

Here we have used high-resolution in-situ environmental transmission electron microscopy (ETEM) to
determine the diameter relationship between Co metal catalyst particles and SWCNTSs experimentally, and
propose an innovative model based on the elastic energy of the rim nanostructure (orange region in Figure
1) at the open-end tube edge. Such model offers an understanding of the correlation between catalyst
particle and nanotube diameter through the analysis of most probable energy states for the atoms in contact

with the metal immediately after cap nucleation.

The statistical-mechanical based model is tested against our own data and that from the literature. The
paper is structured as follows: First we introduce the basic concepts on which the model is developed, and
then we provide a physical description and define the main equations, assumptions, and parameters. Finally,

we apply the model and compare the prediction with experimental results.

THEORETICAL BACKGROUND AND MODEL DEVELOPMENT

We model a system conformed by an infinitesimal section of the incipient SWCNT wall referred here as
the tubular nanoribbon (Figure 2). The nanoribbon is described as the outer edge of the nascent tube in
contact with the metal particle after the nucleation occurs. This tubular nanoribbon has a single degree of
freedom, the radial position on a curved surface (i.e. tube diameter). According to the dislocation theory?,
the presence of free radicals at the edge of the early sp? carbon structure allows the carbon atoms in contact
with the surface to spread into new planes (edge dislocations) forming pentagons and hexagons until the
complete cap is formed. This stepped spreading of the nascent cap? allows the system to find a local
minimum in the carbon structure’s curvature energy, and therefore a stable tube diameter (dy). The
probability function f;(dr) of a tube having a certain diameter d can be evaluated with a statistical-
mechanical model. We define the diameter distribution f; as a probability function of generalized
coordinates (p, q) such that the statistical equilibrium condition can be expressed mathematically using

Equation 1.
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This condition of statistical equilibrium dictates that the system evolves in a way that conserves the density
of states and probability function f; within a multi-dimensional space ([ dp;dq;), called the extension of
phase?. For our system, this condition is fulfilled defining the probability f,; as a function of energy and
including only conservative forces. Classical mechanics theory assigns energy states for an atom, or group
of atoms, in terms of potential (U) and kinetic energy (K), these can be used to describe the configuration
of the atoms for a microstate. Additional constraints to the degrees of freedom on the atoms are due to the
C-C bonds in the nuclei layer that restrict the motion of the tubular nanoribbon. For this reason, we assumed
that the carbon atoms on the tubular nanoribbon have a negligible velocity and the only relevant potential
energy describing the intermolecular interactions is the energy stored as strain energy within the system
(Equation 2), thanks to the flexible nature of the material.
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The strain energy (Eswain) is defined in terms of Young modulus (Y), tubular nanoribbon length (L),
nanoribbon wall thickness (a), and tube diameter (dr). A schematic illustration of these variables can be
found in Figure S1 (Supporting Information). The curvature energy (E.) is a function of Y, a, dr and the
carbon surface density ps and is defined as the strain energy normalized by N, the total number of C atoms,
and reduced to the expression in Equation 3.
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The parameter a is defined in Equation 3. It is usually assumed constant for a defect and impurity-free
material like the nanoribbon. Kudin et al. have shown the relation of « to the flexural rigidity using the
continuum shell approach?’. Equations 2-3 are based on previous works'®28-31 addressing diameter stability

and their derivation can be found in the first section of the Supplemental Information.

The tubular nanoribbon system in its nascent form may exist in many different configurations (i.e. radial
position and orientation on top the particle). Each configuration has a unique corresponding energy state
(i.e. microstate) associated with it. Thus, to evaluate these microstates we define them mathematically using
a continuous function for the curvature energy according to the work-energy principle for elastic materials.
The probability f,;(d;) of a tube having a certain diameter d will be proportional to the curvature energy

E . associated to a corresponding microstate as described by Equation 4.



_Ec(dr)
faldy) x e ksT Eq.4
According to equation 1, the system is at statistical equilibrium, this means that the probability distribution
function (f) is independent of time. Strictly speaking, a finite number of systems cannot be distributed
continuously in the phase space. But in the limit of an infinite number of states, we may approximate the
discrete distribution to a continuous function?. The extension of phase’s radial limits in Equation 5 accounts

for all possible tube diameter (dr) configurations and it is related to the nanocatalyst diameter (d,,) in the

upper limit (d,,,, = d,, + &).
do< dr<d,+6, Eq.5

Here, d,, is the minimum equilibrium distance between two graphene layers in a graphite structure at the
absolute zero temperature (= 0.34 nm), and &, is approximated by the equilibrium average distance between

the surface of the metal catalyst and the carbon nanoribbon as shown in Figure 2.

dp

Figure 2. Cylindrical carbon nanoribbon interacting with a catalyst. The nanoribbon interacts with the catalytic surface
and positions itself at an equilibrium average distance &, at the most stable diameter d. For a stable particle with
diameter d,,, the tube diameter d is constrained within a diameter range described in Eq. 5 as the extension of phase’s

radial limits.

For a nascent carbon cap supported by a metal particle, the interfacial stress will bend the carbon structure
to find a stable curvature. This quasi-static process follows an intrinsic energetic path under the principle
of least action. Therefore, we propose a probability function in the pseudo-canonical ensemble (Equation
6) with a phase function distributed according to the Boltzmann probability function. In principle, this can

be better understood as an a priori probability.
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At fixed temperature, dr is the only variable describing every possible microstate of the tubular

nanoribbon. Therefore, we can use the expression for curvature energy found in Equation 3 to integrate the



denominator in Equation 6. The limits in the integral shown in the denominator of Equation 6 will match
the boundaries in Equation 5 to account for all possible configurations. The resultant expression given in
Equation 7 is a function only of the particle diameter (d,,), temperature (T'), and the additional parameters
(a, dg, 8y). As such, it depends strongly on the carbon and nanocatalyst intrinsic properties, as well as on

the tube/nanocatalyst interactions.
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X1= do

From Equation 6, we have obtained a probability density distribution given by Equation 7. We note that
this is an approximation because we have neglected the translational kinetic energy (K — 0) and considered
only the potential energy associated with the curvature of the nascent carbon structure (U = E.). This
doesn’t mean that the total energy of the tubular nanoribbon is not affected by other contributing factors,
like chirality, and the velocity of the catalytic particle (if it is in motion). But the current approximation
helps us to concentrate on the effect of the stability of the carbon nanostructure interacting with the catalytic

particle that is assumed to be a dominant factor to determine the tube diameter.

Xy = dp+8,
<dr> = J xfd(x,dp,T) dx Eq.8
x1=do

The experimentally observed diameter is predicted by calculating the most probable value (< d >)
according to the probability density distribution (f;) given by Equation 7, once the properties of the catalyst
and catalyst/carbon interactions (mainly reflected in the &, parameter) are determined from first principles
as shown below. The result can be obtained by solving the expression in Equation 8. Moreover, the standard
deviation (o) can be found using the definition in Equation 9 and the probability distribution obtained
previously (f;). The standard deviation provides a measure of the most probable region where SWCNTs
can grow, and it depends on temperature T and the particle diameter (dp) through the upper integration
limit dyy,.

dy

p
o?=Var(dy) = J x%fy(x, T)dx— < dr > Eq.9

do

We note that some other conditions may affect the proposed representation of SWCNT curvature stability
and the model parameters. For example, intrinsic properties of the growing tube, such as chirality and

defects may cause small changes of quantum origin on the physical properties of the tube® (e.g. elasticity
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Young modulus). Additionally, the distribution of accessible diameters should be discrete based on the
existence of known distances between covalently bonded carbon atoms?-%°. However, the use of a classical
expression for the elastic energy and the subsequent statistical analysis are valid under the equipartition

theorem and the ergodic hypothesis?-%,

Moreover, as we demonstrate in this paper, the model can reproduce observed nanotube’s diameter
distributions using exclusively the measured catalyst diameter distribution profile. Additional
simplifications to the model and approximations for the probability distribution f,; and the most probable
diameter < d; > are discussed in the supplementary information. We observed that a numerical evaluation
of Equation 8 is the most accurate method for solving the expression, especially for small particles (Figures
S3 and S4). In the following section we use this probability function to determine the most probable tube
diameter as a function of particle size where the model parameters are evaluated for sets of experimental

synthesis data of SWCNTSs grown on cobalt nanoparticles.
RESULTS AND DISCUSSION

A critical part of the model and the basis to understand nanotube formation and its relationship to the
nanocatalyst properties relies on studying the stability of the nascent tube and the associated catalyst-
nanoribbon interaction. A deeper analysis of the interfacial interaction between the metal surface and the
graphene layer is crucial to comprehend the forces involved during the tube’s nucleation. We use DFT to
guantify the interaction between some common metal catalysts and carbon structures. These calculations
are necessary to find an adequate model parameter value for the distance between the nascent nanotube
wall and the catalyst surface. Additionally, we use our experimental data to assess the model and analyze

its capabilities and limitations.
The Strength of Graphene-Metal Interaction and Evaluation of Model Parameters

Interlayer adhesion energies obtained using spin polarized DFT calculations reveal the information about
the strength of interaction between metal (and metal carbide) catalysts and graphene. Table 1 displays
values obtained by DFT under periodic boundary conditions. The calculations were set minimizing any
graphene curvature contribution that could arise due to the finite size of the model. The values for energy
in previous works shown in Table 1 correspond to multiple metal facets or in the case for cobalt carbide is
the closer approximation found to the infinite layer approximation for this system. Previous work has
reported the existence of a relation between the exposed metal (or metal-carbide) catalyst facet and the
graphene/catalyst adhesion energy®*.

AEint = Eslab&grap — Egslab — Egrap EQ- 10



The values for the interfacial interaction energy (4Eix) were calculated using Equation 10, where Esiabagrap
is the energy of each of the systems shown in the DFT section of the supplemental information, Esia, and
Eqrap are the energies of the isolated slab and graphene respectively. The (100) facet was chosen for the
metal and metal carbide structures because it facilitates (in general) the match with the graphene lattice
structure and therefore helps to minimize the catalyst/graphene lattice mismatch when modeling graphene
in the infinite layer approximation. Details of the calculations are given in the Methodology section and in

the supplemental information.

Table 1. Adhesion energy (E,4r), metal-carbon interaction energy (Ej;¢) and equilibrium distance ()
between (100) slabs and graphene layer. The calculated values are compared to previous published energies
and distances.

E.an [eV/nm?] Emc [meV/atom] 8¢ [nm]

System

Calc Prev. Calc Prev. Calc Prev.

Iron (Fe) -2.81 -5.55% -74.20 -149% 0.204 | [0.211 - 0.232] 3536
Nickel (Ni) | -0.94 9.13% 2477 | [19;-135P | 0205 | [0:204-0.280]
Cobalt (Co) | -2.22 7.61% -55.49 | [-24.7; -160]*“ | 0.338 | [0.205 - 0.340]""4@

Cobalt Carbide | -, o5 | [144: 2657 | -77.59 - 0.220 | [0.180 - 0.309]*

(COZC)

*Experimental Techniques (43-45)

The metal-carbon interaction energy (Ey ) and the adhesion energy (E,q4,) Were obtained dividing the
interfacial interaction energy (AE;,:) by the number of carbon atoms and by the transverse area of the
simulation box respectively. This value is crucial because it defines the region where multiple stable carbon
allotropes start to form*®* (e.g. fullerene vs. nanotube). In other words, the metal-carbon strength of
interaction is an indicator of the encapsulation-growth transition. As such, it can help us to determine the
minimum tube diameter value (d;) where deactivation of the particle due to encapsulation becomes

possible and may be used to characterize the stability regions as discussed further in the stability analysis.

The equilibrium distance (8,) is a parameter of the model that defines the extension of phase upper
boundary (d,, = d, + &,) and therefore the number of accessible microstates. The values 85> shown in
Table 1 correspond to the infinite layer approximation, two periodic metal — graphene layers interacting in
the interface, this method is especially good to obtain a measure of the non-bonding, van der Waals

interaction. Usually, bulk carbon atoms in a graphene sheet have a coordination number of three; however,
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edge carbon atoms may have a reduced coordination number. For example, the §5° equilibrium distance in
the cobalt slab (0.338 nm) decreases to 0.190 nm, 0.179 nm and 0.161 nm by reducing the number of
neighbor carbon atoms coordinating with a central bulk graphene atom to two, one and zero respectively.
This decrease in the equilibrium distance is related to a stronger interaction due to free electrons available
to form bonds at the edge of the tube (5:%9° ~ [0.5 — 0.6] 55°) . The tubular nanoribbon region, on which
the model is based, is composed of a bulk — edge combination of carbon atoms. For this reason, we assumed

that &, in the upper limit of the radial extension of phase (d,,;,) is approximately equal to the infinite layer

value (8o =~ 6&° ~ 285%9°) for the entire diameter.
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Figure 3. Surface carbon density (p,) dependence on chiral angle. Estimated values () using periodic units of

different chiral tubes.

An interesting observation based on the work-energy principle equations (Equations 2 and 3) is that the
carbon surface density (p;) has a role defining the curvature energy function, or more explicitly the a
parameter. We evaluated the surface carbon density dependency on chirality for SWCNTs with similar
diameter. A quick analysis of the smallest repetitive section of different chiral tubes shown in Figure 3
indicates that the surface carbon density is almost independent of the chiral angle and has a constant average

value of 38.2 atoms nm™2.



Experimental Results

The diameters of approximately 22 particles and the tubes associated with them were measured from the
high resolution ETEM images recorded during SWCNT growth (see methods for details). It was not always
possible to take images with both the particle and associated nanotube to be clearly visible in the 2D
projection as often the particles are embedded in the support. Therefore, only the images with clear
connection between the two were used for the data analysis. A broad distribution of three types of
relationship can be established from the in situ data: (a) tube diameter is smaller than the particle diameter
(Figure 4a and Figure 4b); (b) tube diameter is almost the same as particle diameter (Figure 4c and Figure
4d); and (c) tube diameter is larger than the particle diameter (Figure 4e). This last observation is intriguing

as it results in a different metal to carbon interaction than the first two.

Tube diameter (d;)

0.7 1.7 2.7 3.7

Particle diameter (d,)

Figure 4. ETEM images of SWCNTSs growing on Co particles. a and b) Tube diameter smaller than particle diameter,
apparent perpendicular growth; ¢ and d) Tube diameter very close to the particle diameter, apparent tangential growth;
e) Tube diameter larger than particle diameter, apparent tangential growth; f) Observed correlation between tube

diameter and particle diameter in this study.

SWCNT production using a catalyst-support combination results in a clear dependence on particle diameter
as indicated in Figure 4f. For particles above = 3 nm, no SWCNT growth was observed. The proposed
model does not predict a maximum diameter for the SWCNT growth on active particles. However, previous
studies have shown the importance of the nanotube elastic behavior to keep its cylindrical structure and the

existence of a transition between the cylindrical vs. the collapsed structure as a function of tube
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diameter®:%2, The elastic collapse has not been explored in this study, but it has been reported to impede the

growth of SWCNTSs above particle size of 3 nm%.

Figure 4f shows the experimental correlation between the tube and particle diameter. There is a clear
change in behavior of this function with respect to the straight line in Figure 4f (where d = d,). The tube
diameter is larger than that of the particle below =~ 2 nm and above this value is smaller than particle
diameters. This change agrees with the reported transition from tangential (Figures 4c, d, and e) to
perpendicular growth mode? (Figures 4a and b). Note that in the tangential growth mode the small
nanoparticle has more flexibility to let the tube diameter accommodate on its surface. Such flexibility
(which depends on intrinsic properties of the catalyst such as its cohesive energy reflected in its melting
point) disappears in the perpendicular mode, where the fate of the nascent tube is more related to the
strength of the catalyst-carbon interaction. Moreover, in the tangential growth mode, the contact area
between particle facets and nascent tube wall is much larger (Figures 4 ¢, d, €); thus we expect that the
interfacial energies between carbon and catalyst be dominant. In contrast, in the perpendicular growth
mode, the tube sits over the larger particle (Figures 4 a and b) and the interfacial interactions are
predominantly between the tube rim and the catalyst surface. In addition, we know that the curvature energy
of SWCNTSs increases as the tube diameter decreases'®. Therefore, the tube diameters from the smaller
particles may be relatively larger. Molecular dynamics simulations have shown that the tube diameter is
also dependent on the metal-support interactions and tubes with diameters within a stable region will
nucleate from larger particles as the metal-support adhesive energy increases®. The tube diameter has also
been reported to depend on the carbon availability. However, as the C,H, pressure in our ETEM
experiments was kept constant, the availability of carbon can only vary with particle size. In other words,
for the data in our study, the tube diameter will increase with increasing particle size, which is generally
true, except for the fact that there appears to be at a minimum (= 1.1 nm) and a maximum (= 2.8 nm) limit

for tube diameters from particles of diameters varying from ~0.85 nm to =3.14 nm.

Model Predictive Capability

Test of the model for the small particle range (dp < 5nm)

We first attempt to replicate the trend observed in our experimental data relating the diameter of the particle
to the tube (Figure 4f). The interfacial distance &, found previously for cobalt is used to define the upper
integration limit d,,,,. The parameter a as discussed previously can be estimated using Equation 3 from the
work-energy theory for elastic materials presented in the first part of the supplemental information. This

relation makes a exclusively dependent of tube properties like Young modulus (Y), the atomic surface
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density (ps) and the wall thickness (a). Values of Young moduli obtained from prior atomistic studies are
largely scattered varying from (0.95 TPa to 5.5 TPa) for Y and [0.06 nm to 0.69 nm] for wall thickness (a)
535558 The uncertainty on the definition and estimated values for these properties can impact a greatly. For
this reason, a convenient procedure for including the variations in the carbon nanoribbon properties is to

numerically optimize the a value from the experimental data and compare with previous estimations.
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Figure 5. Adjusting the parameter a to our SWCNT experimental data. (+) High-resolution TEM experimental Data
(this work). (—) Most probable or average diameter and (--) standard deviation limits (+o) obtained after a,,, has

been found.

Figure 5 shows the results of fitting the model to our experimental data. The optimized a,,, value for our
SWCNT data using a cobalt catalyst is 1.15 eV nm? atom™. The inflection point (i.e. the point where the
ratio d/dp is approximately one) in the diameter’s behavior can be observed and explained within the
model. For very small particles (< 2 nm) the most probable diameter (solid line) is close to the upper limit
(dr — dj, + &) in the extension of phase. This is due to the small range of possible states that results from
a very sharp narrow probability distribution (Figure S1). On the other hand, the probability distribution for
large particles is broader and the average is expected to be in an intermediate value between both limits of
the range [do, dup]. Hence, the most probable tube diameter in small particles is larger than d,,, and the

growth should be tangential to the particle (dr > d,,), whereas the growth for large particles is expected to

be perpendicular (d; < dp).

It is important to further analyze the meaning of the a parameter. For this reason, it is also necessary to
consider previous evaluations of this parameter. For example, Gilseren et al reported a value of « = 0.0214

eV nm? atom® obtained from ab-initio calculations® (E, = a/R? = Ecyr — Egrqp ). This value is

equivalent to « = 0.0856 eV nm? atom™ in our curvature energy representation (E. = a/d%). However,
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®ope (1.15 eV nm?atom™) is one order of magnitude higher than the one predicted by Gillseren et al. This
difference in a values can be related to the uncertainty in the evaluation of the SWCNT wall thickness
where approximations also vary in orders of magnitude®**>%, In an atomic thin shell model, the wall
thickness is considered to be the graphite inter-layer spacing (0.34 nm), Cai et al. demonstrated that this
value also corresponds closely to the thickness of the SWCNT electron cloud®”. To test the accuracy of our
a, we estimated the Young modulus (Y) using the optimized a,,,; value. Thus, using the 2D approximation
(bending tubular carbon nanoribbon) in Equation 3, the previously calculated surface carbon density p; ,
Qopt » and the value of 0.34 nm for the tubular nanoribbon thickness, we estimate a value of 1.07 TPa for
the Young’s modulus of SWCNTSs, that is within the range of many model approximations®¢>°%° (0.97 TPa
to 5.5 TPa) and very close to the few experimental values reported for SWCNTs®-%® (1.20 TPa to 1.25
TPa).

Test of the model for large particle range (d, > 5 nm)
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Figure 6. Adjusting the parameter « to inner diameters in the MWCNTS data set from Tibbetts. (x) Data collected for
iron particles from Tibbets'®. (—) Most probable or average diameter and (--) standard deviation limits (+o) obtained

after @,y has been found.

Next we used the experimental set by Tibbetts'®, that reports inner diameters of multi-walled carbon
nanotubes (MWCNTS) for very large particles. Although the growth mechanism of MWCNTS is not yet
clear, we assume that the inner tube structure nucleation occurs under similar conditions to the ones
mentioned previously for SWCNTSs. Figure 6 shows that the inner diameters in MWCNTS can also be
adjusted to our model yielding an a,,,, value of 2.063 eV nm? atom™ using &, for iron (Table 1). To explain
the difference between the a,,; for SWCNTs in small particles and MWCNTSs in larger particles it should

be noted that the inner diameter in a MWCNT may be affected by the presence of compressive/attractive
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forces due to the additional walls. This can cause an increase in the ability of storing potential elastic energy
within the curvature of the tube. An increase in the bending momentum stored by the carbon atoms at the
edge of the tube is expected to affect the flexural rigidity (bending stiffness) of the tube and therefore the
a value in the inner tube structure of MWCNTSs. The difference could also be attributed to the van der
Waals forces between the inner nuclei and the concentric layers of a MWCNT. These additional forces can
modify the mechanical properties of the inner tube. Using the same approximation utilized for the SWCNT

thickness (0.34 nm) and the a,,,; obtained for MWCNTS, a Young’s modulus of 1.93 TPa is estimated, that

is in reasonable agreement with reported Young moduli for MWCNTSs%,

We remark that the range of particle diameters in the two sets of data shown in Figure 5 and 6 is very large.
To compare and test the applicability of the a values, we evaluated both data sets with the «,,,; obtained
for the smallest tubes and the value reported from Glilseren! (Supplementary Information, Figure S6). The
model shows that even using a rough approximation of a from the literature or that previously obtained in
the fitting of our data, the model predicts a good estimate of the inner diameter value in large particles. It
is found that the predicted tube diameters are much more sensitive to the « value in the small tube range.
For larger tubes, where the probability function is distributed over many possible configurations, the a
dependence becomes weaker. We note that although a,,; was obtained for the previous described
experimental sets of data, it could be applied to other metal catalysts because its calculation only involves
tube properties. For this reason, the prediction of a SWCNT diameter distribution in a bed of iron

nanoparticles is proposed as a final test for a,,;.

Prediction of a nanotube diameter distribution corresponding to a given catalyst size distribution

(experimental data from supported CVD)

Normalized Distribution
Normalized Distribution
Normalized Distribution

1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0 1.0 2.0 3.0 40

d | fom] d L lm] d L ml

Figure 7. SWCNT’s diameter distribution prediction using lron catalyst particle profiles measured by Zou et al'.
Figure 7a-c correspond to the experimental tube diameter distribution profile (orange) vs the prediction of the model

(blue). Predictions were based on experimental catalyst particle diameters for particles (a) without etching, and (b and
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c) after 10 s to 15 s of etching, respectively. The darkest colored regions show the overlap between the experimental

and the theoretical descriptions.

Another validation and possible application of this model is shown in Figure 7. The model was used to
predict the SWCNT diameter distributions corresponding to catalyst diameter profiles measured on a
support of Si-SiO, wafer by Zou et al*'. The predictions were obtained using the diameter profiles for the
catalyst particles at different etching times to define the upper limit (d,;,). This is because the range of the
particle diameter distribution is reduced after exposed to a longer etching time. The experimental data was
normalized using Equation 11 and the parameters used for the prediction (Equations 7 and 8) were the

equilibrium distance &, for Iron (Table 1) and the parameter a,,,, (1.15 eV nm?/atom).

o Frequency
Normalization = Eq 11
# Measurements

We observe that all the predicted profiles in Figure 7a-c are in good agreement with the reported
experimental sets. The slight right shift in the distributions of the three examples could be attributed to the

assumptions on the estimation of §, and a,,,. The equilibrium distance approximation for the nanoribbon

(8 ~ 86 ~ 25°%9¢), as discussed before, will affect the probability distribution for small particles. An
overestimation of §, may cause this type of shift due to an increase in the upper limit (d,,;,) and the number

of possible accessible microstates. However, for the §, range found in this and previous studies (0.2 to 0.35
nm) the shift due exclusively to &, will not account for the total difference. A lack of information in the
inactive particles and non-growth events may be contributing to overestimate the amount of tubes from the

particle distribution as well.

Stability Analysis

An important question relates to the probability of a nascent SWCNT cap to develop a stable tube growth
or stop the growth and encapsulate the catalytic particle (stable fullerene). Early studies in carbon allotropes
have established the relation between curvature energy and tube diameter’®2-318 as described in the
theoretical background (i.e. Equations 2, 3 and Equations S1 to S6). Burgos et al, for example, showed the
existence of an explicit relation between adhesion energy, curvature and nucleation®, as expressed in
Equation 12. Furthermore, the analysis of an approximated support-particle interaction showed that the
support nature has a strong influence on the catalyst structure, therefore on the catalyst shape (i.e. curvature)
and tube’s diameter®*%, Note that this discussion relates only to systems where the reaction conditions favor

a slow carbon supply rate on the catalyst surface (e.g. low pressure of precursor gas). Lowering the carbon
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supply flow will likely allow the carbon structures to form more slowly, this annealing process may favor
evolution to low energetic configurations®. In this section we analyze the stability conditions and locate

the estimated tube diameter prediction within the growth stability limits.

E.r < E.p - Enmc Eq.12
Tube Curvature Energy Fullerene Curvature Energy  Metal—Graphene interaction energy

Metal supported Fullerene Energy

Comparing the curvature energy per atom of the tube (E.r) with the one for a fullerene with similar diameter
(E.r) shows that the tube is always more stable. However, the attractive metal-graphene interaction (Ey¢)
may reduce the energy necessary to bend the carbon bonds and therefore the curvature energy per atom of
the fullerene capsule (E;r = E.r — Eyc). Hafner et al. introduced the stability criteria graphically using
empirically fitted functions to represent the curvature energy of tubes and fullerenes®. Following Hafner’s

work, Figure 8 shows that the energy difference between both states is in the order of meV.
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Figure 8. Stability analysis for the nucleation of carbon allotropes on metal catalysts. Empirically fitted functions for
the curvature energy in SWCNTSs (Ecr) and fullerenes (Esr) and the critical diameter of transition (d.) for a cobalt

catalyst.

Figure 8 offers a better understanding of Equation 12. Here, we used the interfacial cobalt-carbon
interaction energy (Table 1) to estimate the fullerene capsule energy (E,z). For this reason, even if a tube
is less stable for diameters approximately above d.. in a cobalt particle, the energy difference is extremely
small, and in many cases, nanotubes are observed to grow with a nucleation probability proportional to
e("Emc)/koT  An interesting observation is that d. corresponds to the point where the ratio between dr /dp

is approximately one for our experimental data, and the growth behavior changes from tangential to
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perpendicular. Therefore, we could use this value as a point of reference and merge the stability analysis

with our model.

d - (m)

d_ (nm)

Figure 9. Diameter stable regions during the growth process of SWCNTSs and high probability zones within one
standard deviation from the most probable diameter (< d; > +0). (+) High-resolution TEM experimental Data for
Co catalysts. (--) Upper limit for the radial extension of phase (d,,). (---) Transition critical diameter (d.) between
stable fullerene and tube allotropes. (—) Most probable or average diameter and standard deviation limits (+¢). In the

purple region, the probability of finding a diameter dr is = 0.

Curvature stability plays a role delineating the stable tube growth regions. These are tube diameter stable
zones for a specific particle diameter with boundaries defined by the critical diameter (d.) horizontal line
and the upper boundary in the extension of phase (d,,, = d,, + ;) shown as a dashed red line in Figure 9.
The small particle zone (d,/d. < 1) has an upper limit in stability and it is the d,. line. This means that
the tube is always trying to reduce its curvature energy making the transversal area as big as possible until
< dy > oravalue energetically accessible is reached. We can also observe that most of the experimental
data is close to d,,,, for this zone, this is due to the existence of a very low standard deviation, leading to a
small region with a high probability of nucleating the tube (< dr > * ). Above d,,,, the probability
distribution f; rapidly collapses to zero (f; — 0) so wider tubes beyond this limit will not grow. In our
model the accuracy of the  d,,;, limit will depend on the &, estimation that has an associated error as

discussed in the model parameters section.

For SWCNTSs growing from large particles (d,,/d. > 1), the upper limit in stability (Figure 9) will be the
line corresponding to d,,,,. Figure 9 shows that the tube diameter (for d, > d. and d, approximately smaller
than 2.5 nm) is also slightly smaller than the particle diameter in the transition zone. This is because the

tube will try to minimize its internal strain energy by reducing the transversal area until reaching the stable
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diameter region with a value close to d.. That is why we see an inversion in the data trend between the two
zones (i.e. the tube diameter is no longer bigger than the particle). This zone also is characterized by a co-
existence between fullerenes and tube allotropes. For carbon allotropes with a weak metal-carbon
interaction (< 1 eV) and large transversal area, the curvature energy will favor nucleation, but a strong
metal-carbon binding energy (1 eV to 2 eV) favors encapsulation in every event for particles with a diameter
above the transition diameter (d.). The nature of the metal catalyst will change the value for d.. For
example, iron, with a strong attractive interaction with carbon is expected to slightly decrease the value of
d., therefore the probability of encapsulation will increase, and the transition between tangential and
perpendicular growth may be below 2 nm. However, a better estimation should include the distribution of
stable facets and the average metal-carbon interaction energy (Ej,¢) according to the percentage of covered

area for the case of metal particles below the melting point.

CONCLUSIONS

Using a combination of experimental data, quantum mechanical calculations, and statistical mechanics we
developed a model to describe the relationship between catalyst size and SWCNT diameter. Good
agreement of the predicted and the measured tube diameters demonstrates that the curvature energy of the
nascent carbon nanostructure is a major contributor to the process of carbon nanotube nucleation. The
proposed model offers a simple description of the correlation between tube diameter and catalyst particle
diameter for a tube growing on an approximately spherical solid active nanocatalyst. Real conditions may
show that a particle, especially less crystalline particles, are not completely spherical and multiple
curvatures can be present in the catalyst (i.e. a nonhomogeneous particle diameter ). For this scenario, our

model could include those multiple curvatures (k =1/d,) as individual events represented in the

probability distribution function f;;.

The DFT calculations of the interlayer adhesion energies provide important information about the strength
of interaction between common metal catalyst particles and graphene. These data are valuable for the
evaluation of model parameters like the tube-particle equilibrium distance and to develop a discussion about
the stability of SWCNT’s diameters. CVD data collected using ETEM provided an insight into the tube-
particle diameter relationship and allowed determination of an “optimized” model parameter a. We show
that the value obtained (a,,.) is only dependent of intrinsic properties of a graphene-like structure such as
surface carbon density, wall thickness, and Young modulus, and could be used in many systems
independently of the catalyst selection. The predicted Young moduli obtained from the optimized parameter

for SWCNTs and MWCNTSs are in good agreement with experimental values.
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We recognize that particle composition and surface stability may play an important role during the SWCNT
nucleation vs. catalyst encapsulation dynamics. Magnin et al®’ recently highlighted a correlation between
the carbon concentration in the particle and graphene/catalyst wetting properties, thus leading to tangential
vs. perpendicular growth. This analysis is based in partially molten (liquid) particles where surface tension
can deform the particle and wet the tube. However, the direct effect between the formation of solid carbide
phases, the mode of growth (perpendicular vs tangential) and deactivation is not yet completely explained.
Our own unpublished work suggests that metal particles for which many possible carbide structures may
exist, multimodal surface composition distributions may be responsible of the change of growth mode. But
the effects of these observations on the tube diameter-particle diameter are not yet well understood and

possibly could be incorporated into future models.

Moreover, Bets et al®® demonstrated the important and interesting nature of the tube edge interacting with
the metal surface. The analysis of the rim-metal interaction shows the stability of specific edge
configurations and the effect on the chirality selectivity. Nevertheless, the study suggests that the influence
of the catalyst particle size on the nucleation probability has to be added separately. This is because the
edge-catalyst interaction does not account for the stability of the tube’s wall internal elastic energy. It could
be concluded that for the perpendicular mode of growth (usually larger catalyst particles with d,, > d.),
the tube edge/metal interaction may be especially important to define chirality/diameter. This interaction
could help to reduce the number of possible states of similar curvature energy, this aspect is not accounted

in our current model.

Finally, the central focus of our paper was on whether single-walled carbon nanotube diameters are defined
by catalyst particle diameters. With respect to the specific correlation between tube diameters and particle
diameters, various new insights are obtained. It is found that for small catalyst particle diameters, the tube
diameter is larger than or equal to the particle diameter, thus favoring tangential tube growth, and the range
of possible tube diameters for a given particle is rather narrow corresponding to a sharp tube diameter
distribution function. We identified a critical diameter that separates regions of stable nanotube and stable
fullerene. Such critical diameter depends on the intrinsic catalyst properties and on its interactions with
carbon. For d larger than such critical diameter, the growth behavior changes and the tube diameter tend
to become smaller than the particle diameter, leading to a perpendicular growth. This transition to the
perpendicular mode of growth, coincides with much broader probability distribution functions allowing a
wider range of possible tube diameters for a given particle size. Interestingly, the model has also proved
useful for the prediction of inner diameters of MWCNTSs as well as to reproduce nanotube’s diameter

distributions using exclusively the catalyst diameter distribution profile for supported CVD particles. A
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more complete characterization of inactive and encapsulated particles may improve the agreement of the

model with the experimental results.

The results showed that the careful estimation of model parameters like a,,, and the tube wall-catalyst
surface distance &, is a requirement for a good accuracy of the model. We have noticed, for example, the
ability of 6, and « for shifting the predicted tube diameter profile based on experimental catalyst size
distributions. Thus, changes in §, increase or reduce the amount of possible states in the proposed
continuous function approximation for the tube diameter probability distribution (f,;). A different approach
for the estimation of these parameters can be further explored for each metal or alloy after a detailed study

of the stable facets present in the nanoparticle at growth conditions and their interaction with graphene.
METHODOLOGY
In-situ CVD growth

A high-resolution environmental transmission electron microscope (ETEM), with differentially pumped
column capable of tolerating up to 2000 Pa gas pressure, monochromated high intensity field-emission gun,
image corrected, operated at 80 KV, was used for in-situ observation of SWCNT nucleation and growth
process. Co-Mo/MgO catalyst/support was dispersed on micro-electro-mechanical system (MEMS) based
heating chip that were then loaded on the heating holder and introduced in the ETEM column. It is important
to note that although the nominal composition of catalyst was Co-Mo, the catalyst particles active for
SWCNT growth did not contain any Mo, as explained in previous publications®*. The sample was first
heated to 900 °C in flowing O2, maintaining ~ 3000 Pa gas pressure in the sample area. This pre-treatment
was needed to clean the catalyst/support from any contaminants that may be present. The ETEM column
was then evacuated to initial high vacuum condition while keeping the sample at 900 °C. It is important to
note the temperature is as measured by the heating holder and may not be the exact temperature at the
investigated zone in the sample. We did not try to measure the actual temperature as it was not critical for
the current experiments. Approximately, 0.055 Pa of C,H, was then introduced to the sample chamber and
videos were recorded at a rate of 6 frames™. Atomic-resolution images were also recorded from the area
under observation as well as from the regions that were not exposed to electron beam under reaction
condition. Both the images extracted from the videos and recorded post-synthesis were used to measure the

diameters of the carbon nanostructures and associated catalyst particle.
Density Functional Theory (DFT) Calculations
We perform DFT calculations for geometry relaxations and adhesion energy for graphene on metallic slabs

(e.g Nickel, Cobalt, Iron) with [100] and [111] orientation. All metal-graphene systems were modeled using
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periodic boundary conditions (PBC) to recreate two infinite long flat surfaces at absolute zero temperature.
The Monkhorst-Pack scheme® was used for Brillouin zone’s k-point sampling with a characteristic length
(I.) optimized for each metal. Table 2 shows the optimization results for I, K-points, and the energy cut

off used in every system.

Table 2. Metal slabs parameters for the modeled system.

Metal Slab System Length (I;) K-points-Mesh Energy Cutoff (eV)

Nickel 40 9x16x2 700

Cobalt 60 25x15x4 600

Cobalt Carbide (Co,C) 50 10x12x3 700
Iron 40 16 x5x2 700

The exchange-correlation functional given by the Perdew-Burke-Ernzerhof (PBE) approximation™, and the
Projector Augmented Wave Method™"? (PAW) was employed for calculating core-electron energies. The
dispersion correction to the Kohn-Sham energy was implemented using the DFT-D2” based method of
Steinmann and Corminboeuf™ (DFT-dDsC). This Van-der Waals energy correction method has the special
characteristic that the dispersion coefficients and damping function are charge-density dependent™.

Cobalt Carbide (100): Nickel (100): Iron {100):

Figure 10. Metal — graphene interfacial systems for Cobalt carbide (Co2C), Nickel, and Iron. Periodic boundaries

were defined in all systems after relaxing a primitive cell with similar graphene’s lattice constant.

The interfacial interaction energies and equilibrium distances (85°) were calculated using a [100] metal slab
with lattice vectors optimized for the graphene-metal system. The approach for the [111] structures was
different, the metal slab lattice was kept fixed and the graphene layer was rotated until reducing the
mismatch with the periodic image. We constructed a vacuum space of 10 A for every slab and it was reduced

to 7 A after the graphene was coupled to the metal system.
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Figure 11. Test for optimizing the initial lattice vectors ay, b, in the [100] system. The 0.7 — 1.2 range was tested for
the ratio a,/a., where a, corresponds to the graphene lattice vector (0.246 nm). The iron system was optimized

against 2a,. for a better fit.

Figure 11 shows the test for the [100] structures in the graphene-metal slab system, we changed the lattice
parameters and observed the variation in the system energy. We searched within the 0.7 — 1.2 range for the
ratio (ay/a.) to ensure an energy minimum of the initial system and reduce the graphene’s curvature (lateral
stress). The maximum change of the graphene lattice constant (a. = 0.246 nm) after the relaxation of the
system (Table S2) was a measure of the mismatch of graphene with respect the relaxed graphene periodic
unit. The length of the lattice vectors and a measure of the mismatch caused by them can be found in the

DFT calculation section of the supporting information.
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NOMENCLATURE

T Temperature

P Pressure

D Material flow at the open reactor system
kg Boltzmann constant

o Probability distribution function

22



Xopt

X1,Xp

generalized momentum coordinate

generalized position coordinate

Particle diameter

Tube diameter

Transition critical diameter

Potential energy

Kinetic energy

Curvature energy

Flat 2D sheet momentum

Young modulus

Moment of Inertia

Curvature radius

Flat 2D sheet length

Flat 2D sheet thickness

Number of atoms in the sheet

Surface atomic density

Nanoribbon cylindrical length

Equilibrium distance between two graphene layers at absolute zero temperature (T = 0K).
Equilibrium distance between metal catalyst and graphene walls

Equilibrium distance between metal catalyst and carbon atoms at the tube edges
Equilibrium distance between an infinite metal catalyst slab and an infinite graphene layer
Material parameter

Optimized material parameter

Integration limits corresponding to the extension of phase boundaries
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l, Characteristic length for Brillouin zone’s k-point sampling using Monkhorst-Pack scheme
E,an  Adhesion metal-graphene energy
AE;,; Interfacial metal-graphene energy

Egiabsgrap Energy for the interacting slab-graphene system.

Eqqap Energy for the metal catalyst slab using PBC

grap ENergy for the graphene layer using PBC

Eyc  Interfacial metal — carbon interaction energy
E.r Curvature energy for a fullerene

Esr Supported curvature energy for a fullerene
E.r Curvature energy for a tube

REFERENCES

(1) Sun, D.-M.; Liu, C.; Ren, W.-C.; Cheng, H.-M. A Review of Carbon Nanotube- and Graphene-
Based Flexible Thin-Film Transistors. Small 2013, 9 (8), 1188-1205.
https://doi.org/10.1002/smll.201203154.

(2 Akinwande, D.; Petrone, N.; Hone, J. Two-Dimensional Flexible Nanoelectronics. Nature
Communications 2014, 5 (1). https://doi.org/10.1038/ncomms6678.

(3) Nasir, S.; Hussein, M.; Zainal, Z.; Yusof, N. Carbon-Based Nanomaterials/Allotropes: A Glimpse
of Their Synthesis, Properties and Some Applications. Materials 2018, 11 (2), 295.
https://doi.org/10.3390/mal11020295.

4) Zhang, X.; Hou, L.; Samori, P. Coupling Carbon Nanomaterials with Photochromic Molecules
for the Generation of Optically Responsive Materials. Nature Communications 2016, 7, 11118.
https://doi.org/10.1038/ncomms11118.

5) Hou, P.-X.; Du, J.; Liu, C.; Ren, W.; Kauppinen, E. I.; Cheng, H.-M. Applications of Carbon
Nanotubes and Graphene Produced by Chemical Vapor Deposition. MRS Bulletin 2017, 42 (11), 825-
833. https://doi.org/10.1557/mrs.2017.238.

(6) Bajwa, N.; Li, X.; Ajayan, P. M.; Vajtai, R. Mechanisms for Catalytic CVD Growth of
Multiwalled Carbon Nanotubes. Journal of Nanoscience and Nanotechnology 2008, 8 (11), 6054—6064.
https://doi.org/10.1166/jnn.2008.SWO02.

(7) MacKenzie, K. J.; Dunens, O. M.; Harris, A. T. An Updated Review of Synthesis Parameters and
Growth Mechanisms for Carbon Nanotubes in Fluidized Beds. Industrial & Engineering Chemistry
Research 2010, 49 (11), 5323-5338. https://doi.org/10.1021/ie9019787.

(8) Serp, P.; Figueiredo, J. L. Carbon Materials for Catalysis; John Wiley & Sons, 2009.

24



9 Tessonnier, J.-P.; Su, D. S. Recent Progress on the Growth Mechanism of Carbon Nanotubes: A
Review. ChemSusChem 2011, 4 (7), 824-847. https://doi.org/10.1002/cssc.201100175.

(120) Li, M.; Liu, X.; Zhao, X.; Yang, F.; Wang, X.; Li, Y. Metallic Catalysts for Structure-Controlled
Growth of Single-Walled Carbon Nanotubes. Topics in Current Chemistry 2017, 375 (2).
https://doi.org/10.1007/s41061-017-0116-9.

(11)  Zou, Y. Li, Q.; Liu, J.; Jin, Y.; Liu, Y.; Qian, Q.; Jiang, K.; Fan, S. Diameter Distribution
Control of Single-Walled Carbon Nanotubes by Etching Ferritin Nanoparticles. Appl. Phys. Express
2014, 7 (5), 055102. https://doi.org/10.7567/APEX.7.055102.

(12)  Ishida, M.; Hongo, H.; Nihey, F.; Ochiai, Y. Diameter-Controlled Carbon Nanotubes Grown from
Lithographically Defined Nanoparticles. Jpn. J. Appl. Phys. 2004, 43 (10B), L1356.
https://doi.org/10.1143/JJAP.43.L1356.

(13) Cheung, C. L.; Kurtz, A.; Park, H.; Lieber, C. M. Diameter-Controlled Synthesis of Carbon
Nanotubes. The Journal of Physical Chemistry B 2002, 106 (10), 2429-2433.
https://doi.org/10.1021/jp0142278.

(14)  Jeong, G.-H.; Suzuki, S.; Kobayashi, Y.; Yamazaki, A.; Yoshimura, H.; Homma, Y. Size Control
of Catalytic Nanoparticles by Thermal Treatment and Its Application to Diameter Control of Single-
Walled Carbon Nanotubes. Applied Physics Letters 2007, 90 (4), 043108.
https://doi.org/10.1063/1.2433024.

(15) Yang, F.; Wang, X.; Zhang, D.; Yang, J.; Luo, D.; Xu, Z.; Wei, J.; Wang, J.-Q.; Xu, Z.; Peng, F.;
et al. Chirality-Specific Growth of Single-Walled Carbon Nanotubes on Solid Alloy Catalysts. Nature
2014, 510 (7506), 522-524. https://doi.org/10.1038/nature13434.

(16) Zhang, S.; Kang, L.; Wang, X.; Tong, L.; Yang, L.; Wang, Z.; Qi, K.; Deng, S.; Li, Q.; Bai, X.; et
al. Arrays of Horizontal Carbon Nanotubes of Controlled Chirality Grown Using Designed Catalysts.
Nature 2017, 543 (7644), 234-238. https://doi.org/10.1038/nature21051.

(17)  Nasibulin, A. G.; Pikhitsa, P. V.; Jiang, H.; Kauppinen, E. I. Correlation between Catalyst
Particle and Single-Walled Carbon Nanotube Diameters. Carbon 2005, 43 (11), 2251-2257.
https://doi.org/10.1016/j.carbon.2005.03.048.

(18)  Tibbetts, G. G. Why Are Carbon Filaments Tubular? Journal of Crystal Growth 1984, 66 (3),
632—-638. https://doi.org/10.1016/0022-0248(84)90163-5.

(19)  Schebarchov, D.; Hendy, S. C.; Ertekin, E.; Grossman, J. C. Interplay of Wetting and Elasticity in
the Nucleation of Carbon Nanotubes. Physical Review Letters 2011, 107 (18).
https://doi.org/10.1103/PhysRevLett.107.185503.

(20)  Fiawoo, M.-F. C.; Bonnot, A.-M.; Amara, H.; Bichara, C.; Thibault-Pénisson, J.; Loiseau, A.
Evidence of Correlation between Catalyst Particles and the Single-Wall Carbon Nanotube Diameter: A
First Step towards Chirality Control. Physical Review Letters 2012, 108 (19).
https://doi.org/10.1103/PhysRevLett.108.195503.

(21)  Kuznetsov, V. L.; Usoltseva, A. N.; Chuvilin, A. L.; Obraztsova, E. D.; Bonard, J.-M.
Thermodynamic Analysis of Nucleation of Carbon Deposits on Metal Particles and Its Implications for
the Growth of Carbon Nanotubes. Physical Review B 2001, 64 (23).
https://doi.org/10.1103/PhysRevB.64.235401.

25



(22)  Artyukhov, V. I.; Penev, E. S.; Yakobson, B. I. Why Nanotubes Grow Chiral. Nature
Communications 2014, 5 (1). https://doi.org/10.1038/ncomms5892.

(23)  Penev, E. S.; Artyukhov, V. I.; Yakobson, B. I. Extensive Energy Landscape Sampling of
Nanotube End-Caps Reveals No Chiral-Angle Bias for Their Nucleation. ACS Nano 2014, 8 (2), 1899—
1906. https://doi.org/10.1021/nn406462e.

(24)  Ding, F.; Harutyunyan, A. R.; Yakobson, B. I. Dislocation Theory of Chirality-Controlled
Nanotube Growth. Proceedings of the National Academy of Sciences 2009, 106 (8), 2506—25009.
https://doi.org/10.1073/pnas.0811946106.

(25) Reich, S;; Li, L.; Robertson, J. Epitaxial Growth of Carbon Caps on Ni for Chiral Selectivity.
physica status solidi (b) 2006, 243 (13), 3494-3499. https://doi.org/10.1002/pssb.200669224.

(26)  Gibbs, J. W. Elementary Principles in Statistical Mechanics; Courier Corporation, 2014.

(27)  Kudin, K. N.; Scuseria, G. E.; Yakobson, B. I. C 2 F, BN, and C Nanoshell Elasticity from Ab
Initio Computations. Physical Review B 2001, 64 (23). https://doi.org/10.1103/PhysRevB.64.235406.

(28)  Adams, G. B.; Sankey, O. F.; Page, J. B.; O’Keeffe, M.; Drabold, D. A. Energetics of Large
Fullerenes: Balls, Tubes, and Capsules. Science 1992, 256 (5065), 1792-1795.
https://doi.org/10.1126/science.256.5065.1792.

(29)  Sawada, S.; Hamada, N. Energetics of Carbon Nano-Tubes. Solid State Communications 1992, 83
(11), 917-919. https://doi.org/10.1016/0038-1098(92)90911-R.

(30)  Robertson, D. H.; Brenner, D. W.; Mintmire, J. W. Energetics of Nanoscale Graphitic Tubules.
Physical Review B 1992, 45 (21), 12592-12595. https://doi.org/10.1103/PhysRevB.45.12592.

(31)  Giilseren, O.; Yildirim, T.; Ciraci, S. Systematic Ab Initio Study of Curvature Effects in Carbon
Nanotubes. Physical Review B 2002, 65 (15). https://doi.org/10.1103/PhysRevB.65.153405.

(32) Jourdain, V.; Bichara, C. Current Understanding of the Growth of Carbon Nanotubes in Catalytic
Chemical Vapour Deposition. Carbon 2013, 58, 2—39. https://doi.org/10.1016/j.carbon.2013.02.046.

(33)  Khinchin, A. I. Mathematical Foundations of Statistical Mechanics; Courier Corporation, 1949.

(34) Picher, M.; Lin, P. A.; Gomez-Ballesteros, J. L.; Balbuena, P. B.; Sharma, R. Nucleation of
Graphene and Its Conversion to Single-Walled Carbon Nanotubes. Nano Letters 2014, 14 (11), 6104—
6108. https://doi.org/10.1021/n1501977b.

(35) Restuccia, P.; Righi, M. C. Tribochemistry of Graphene on Iron and Its Possible Role in
Lubrication of Steel. Carbon 2016, 106, 118-124. https://doi.org/10.1016/j.carbon.2016.05.025.

(36)  Vinogradov, N. A.; Zakharov, A. A.; Kocevski, V.; Rusz, J.; Simonov, K. A.; Eriksson, O.;
Mikkelsen, A.; Lundgren, E.; Vinogradov, A. S.; Martensson, N.; et al. Formation and Structure of
Graphene Waves on Fe(110). Phys. Rev. Lett. 2012, 109 (2), 026101.
https://doi.org/10.1103/PhysRevLett.109.026101.

(37)  Xu, Z.; Buehler, M. J. Interface Structure and Mechanics between Graphene and Metal
Substrates: A First-Principles Study. J. Phys.: Condens. Matter 2010, 22 (48), 485301.
https://doi.org/10.1088/0953-8984/22/48/485301.

26



(38) Fuentes-Cabrera, M.; Baskes, M. I.; Melechko, A. V.; Simpson, M. L. Bridge Structure for the
Graphene/Ni(111) System: A First Principles Study. Phys. Rev. B 2008, 77 (3), 035405.
https://doi.org/10.1103/PhysRevB.77.035405.

(39)  Zhao, W.; Kozlov, S. M.; Hofert, O.; Gotterbarm, K.; Lorenz, M. P. A.; Vifies, F.; Papp, C;
Gorling, A.; Steinriick, H.-P. Graphene on Ni(111): Coexistence of Different Surface Structures. J. Phys.
Chem. Lett. 2011, 2 (7), 759-764. https://doi.org/10.1021/jz200043p.

(40)  Christian, M. S.; Otero-de-la-Roza, A.; Johnson, E. R. Adsorption of Graphene to Nickel (111)
Using the Exchange-Hole Dipole Moment Model. Carbon 2017, 118, 184-191.
https://doi.org/10.1016/j.carbon.2017.03.024.

(41) Vanin, M.; Mortensen, J. J.; Kelkkanen, A. K.; Garcia-Lastra, J. M.; Thygesen, K. S.; Jacobsen,
K. W. Graphene on Metals: A van Der Waals Density Functional Study. Phys. Rev. B 2010, 81 (8),
081408. https://doi.org/10.1103/PhysRevB.81.081408.

(42)  Janthon, P.; Vifies, F.; Kozlov, S. M.; Limtrakul, J.; lllas, F. Theoretical Assessment of
Graphene-Metal Contacts. The Journal of Chemical Physics 2013, 138 (24), 244701.
https://doi.org/10.1063/1.4807855.

(43) Rosei, R.; De Crescenzi, M.; Sette, F.; Quaresima, C.; Savoia, A.; Perfetti, P. Structure of
Graphitic Carbon on Ni(111): A Surface Extended-Energy-Loss Fine-Structure Study. Phys. Rev. B 1983,
28 (2), 1161-1164. https://doi.org/10.1103/PhysRevB.28.1161.

(44)  Gamo, Y.; Nagashima, A.; Wakabayashi, M.; Terai, M.; Oshima, C. Atomic Structure of
Monolayer Graphite Formed on Ni(111). Surface Science 1997, 374 (1-3), 61-64.
https://doi.org/10.1016/S0039-6028(96)00785-6.

(45)  Kawanowa, H.; Ozawa, H.; Yazaki, T.; Gotoh, Y.; Souda, R. Structure Analysis of Monolayer
Graphite on Ni(111) Surface by Li * -Impact Collision lon Scattering Spectroscopy. Jpn. J. Appl. Phys.
2002, 41 (Part 1, No. 10), 6149-6152. https://doi.org/10.1143/JJAP.41.6149.

(46)  Li, B.; Chen, L.; Pan, X. Spin-Flip Phenomena at the Col|graphene|Co Interfaces. Appl. Phys. Lett.
2011, 98 (13), 133111. https://doi.org/10.1063/1.3571553.

(47)  Swart, J. C. W,; van Steen, E.; Ciobica, I. M.; van Santen, R. A. Interaction of Graphene with
FCC-Co(111). Phys. Chem. Chem. Phys. 2009, 11 (5), 803-807. https://doi.org/10.1039/B814664K.

(48) Khomyakov, P. A.; Giovannetti, G.; Rusu, P. C.; Brocks, G.; van den Brink, J.; Kelly, P. J. First-
Principles Study of the Interaction and Charge Transfer between Graphene and Metals. Phys. Rev. B
2009, 79 (19), 195425. https://doi.org/10.1103/PhysRevB.79.195425.

(49) Burgos, J. C.; Reyna, H.; Yakobson, B. I.; Balbuena, P. B. Interplay of Catalyst Size and
Metal—Carbon Interactions on the Growth of Single-Walled Carbon Nanotubes. The Journal of Physical
Chemistry C 2010, 114 (15), 6952-6958. https://doi.org/10.1021/jp911905p.

(50)  Ribas, M. A,; Ding, F.; Balbuena, P. B.; Yakobson, B. I. Nanotube Nucleation versus Carbon-
Catalyst Adhesion—Probed by Molecular Dynamics Simulations. The Journal of Chemical Physics 2009,
131 (22), 224501. https://doi.org/10.1063/1.3266947.

27



(51) Elliott, J. A.; Sandler, J. K. W.; Windle, A. H.; Young, R. J.; Shaffer, M. S. P. Collapse of Single-
Wall Carbon Nanotubes Is Diameter Dependent. Physical Review Letters 2004, 92 (9).
https://doi.org/10.1103/PhysRevLett.92.095501.

(52) Zhang, S.; Khare, R.; Belytschko, T.; Hsia, K. J.; Mielke, S. L.; Schatz, G. C. Transition States
and Minimum Energy Pathways for the Collapse of Carbon Nanotubes. Physical Review B 2006, 73 (7).
https://doi.org/10.1103/PhysRevB.73.075423.

(53) Yakobson, B. I.; Brabec, C. J.; Bernholc, J. Nanomechanics of Carbon Tubes: Instabilities
beyond Linear Response. Physical Review Letters 1996, 76 (14), 2511-2514.
https://doi.org/10.1103/PhysRevLett.76.2511.

(54)  Burgos, J. C.; Jones, E.; Balbuena, P. B. Effect of the Metal—Substrate Interaction Strength on the
Growth of Single-Walled Carbon Nanotubes. J. Phys. Chem. C 2011, 115 (15), 7668-7675.
https://doi.org/10.1021/jp200919;.

(55) Huang, Y.; Wu, J.; Hwang, K. C. Thickness of Graphene and Single-Wall Carbon Nanotubes.
Physical Review B 2006, 74 (24). https://doi.org/10.1103/PhysRevB.74.245413.

(56)  Zang, J.-L.; Yuan, Q.; Wang, F.-C.; Zhao, Y.-P. A Comparative Study of Young’s Modulus of
Single-Walled Carbon Nanotube by CPMD, MD and First Principle Simulations. Computational
Materials Science 2009, 46 (3), 621-625. https://doi.org/10.1016/j.commatsci.2009.04.007.

(57) Cai,J.; Wang, C. Y.; Yu, T.; Yu, S. Wall Thickness of Single-Walled Carbon Nanotubes and Its
Young’s Modulus. Physica Scripta 2009, 79 (2), 025702. https://doi.org/10.1088/0031-
8949/79/02/025702.

(58)  Vodenitcharova, T.; Zhang, L. C. Effective Wall Thickness of a Single-Walled Carbon Nanotube.
Physical Review B 2003, 68 (16). https://doi.org/10.1103/PhysRevB.68.165401.

(59) Hernandez, E.; Goze, C.; Bernier, P.; Rubio, A. Elastic Properties of CandBxCy N z
Composite Nanotubes. Physical Review Letters 1998, 80 (20), 4502-4505.
https://doi.org/10.1103/PhysRevL ett.80.4502.

(60)  Lu, J. P. Elastic Properties of Carbon Nanotubes and Nanoropes. Physical Review Letters 1997,
79 (7), 1297-1300. https://doi.org/10.1103/PhysRevLett.79.1297.

(61) Krishnan, A.; Dujardin, E.; Ebbesen, T. W.; Yianilos, P. N.; Treacy, M. M. J. Young’s Modulus
of Single-Walled Nanotubes. Physical Review B 1998, 58 (20), 14013-140109.
https://doi.org/10.1103/PhysRevB.58.14013.

(62)  Salvetat, J.-P.; Briggs, G.; Bonard, J.-M.; Bacsa, R.; Kulik, A.; Stockli, T.; Burnham, N.; Forro,
L. Elastic and Shear Moduli of Single-Walled Carbon Nanotube Ropes. Physical Review Letters 1999, 82
(5), 944-947. https://doi.org/10.1103/PhysRevL ett.82.944.

(63) Tombler, T. W.; Zhou, C.; Alexseyev, L.; Kong, J.; Dai, H.; Liu, L.; Jayanthi, C. S.; Tang, M.;
Wu, S.-Y. Reversible Electromechanical Characteristics of Carbon Nanotubes Underlocal-Probe
Manipulation. Nature 2000, 405 (6788), 769—772. https://doi.org/10.1038/35015519.

(64)  Wong, E. W.; Sheehan, P. E.; Lieber, C. M. Nanobeam Mechanics: Elasticity, Strength, and
Toughness of Nanorods and Nanotubes. Science 1997, 277 (5334), 1971-1975.
https://doi.org/10.1126/science.277.5334.1971.

28



(65) Hafner, J. H.; Bronikowski, M. J.; Azamian, B. R.; Nikolaev, P.; Rinzler, A. G.; Colbert, D. T.;
Smith, K. A.; Smalley, R. E. Catalytic Growth of Single-Wall Carbon Nanotubes from Metal Particles.
Chemical Physics Letters 1998, 296 (1-2), 195-202. https://doi.org/10.1016/S0009-2614(98)01024-0.

(66)  GoOmez-Gualdrén, D. A.; Balbuena, P. B. Characterization of Carbon Atomistic Pathways during
Single-Walled Carbon Nanotube Growth on Supported Metal Nanoparticles. Carbon 2013, 57, 298-309.
https://doi.org/10.1016/j.carbon.2013.01.077.

(67) Magnin, Y.; Zappelli, A.; Amara, H.; Ducastelle, F.; Bichara, C. Size Dependent Phase Diagrams
of Nickel-Carbon Nanoparticles. Phys. Rev. Lett. 2015, 115 (20), 205502.
https://doi.org/10.1103/PhysRevLett.115.205502.

(68) Bets, K. V.; Penev, E. S.; Yakobson, B. I. Janus Segregation at the Carbon Nanotube—Catalyst
Interface. ACS Nano 2019, 13 (8), 8836-8841. https://doi.org/10.1021/acsnano.9b02061.

(69)  Monkhorst, H. J.; Pack, J. D. Special Points for Brillouin-Zone Integrations. Physical Review B
1976, 13 (12), 5188-5192. https://doi.org/10.1103/PhysRevB.13.5188.

(70) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple.
Physical Review Letters 1996, 77 (18), 3865-3868. https://doi.org/10.1103/PhysRevL ett.77.3865.

(71)  Bldchl, P. E. Projector Augmented-Wave Method. Physical Review B 1994, 50 (24), 17953—
17979. https://doi.org/10.1103/PhysRevB.50.17953.

(72)  Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the Projector Augmented-Wave
Method. Physical Review B 1999, 59 (3), 1758-1775. https://doi.org/10.1103/PhysRevB.59.1758.

(73)  Grimme, S. Semiempirical GGA-Type Density Functional Constructed with a Long-Range
Dispersion Correction. Journal of Computational Chemistry 2006, 27 (15), 1787-1799.
https://doi.org/10.1002/jcc.20495.

(74)  Steinmann, S. N.; Corminboeuf, C. A Generalized-Gradient Approximation Exchange Hole
Model for Dispersion Coefficients. The Journal of Chemical Physics 2011, 134 (4), 044117.
https://doi.org/10.1063/1.3545985.

(75)  Steinmann, S. N.; Corminboeuf, C. Comprehensive Benchmarking of a Density-Dependent
Dispersion Correction. Journal of Chemical Theory and Computation 2011, 7 (11), 3567-3577.
https://doi.org/10.1021/ct200602x.

29



Table of Contents Graphic

MOST PROBABLE DIAMETER < dy >

30



Supplementary Information for
Can single-walled carbon nanotube diameter be defined by catalyst particle diameter?
Mauricio C. Diaz?, Hua Jiang?, Esko Kauppinen?, Renu Sharma?® and Perla B. Balbuena!

!Department of Chemical Engineering, Texas A&M University, College Station, TX 77843, USA
2 Department of Applied Physics, Aalto University School of Science, P.O. Box 15100, FI-00076 Aalto,
Finland.
3Center for Nanoscale Science and Technology, National Institute of Standards and Technology,
Gaithersburg, MD 20899-6203, USA

1. Elastic Energy stored in tubular nanoribbon

The moment M of a tubular nanoribbon is related to its radius of curvature R through Equations (S1 to S3),
where Y is the Young’s modulus, I is the moment of inertia, L is the length of the cylindrical wall, a is the
thickness of the nanoribbon surface layer (= 0.34 nm), N is the number of atoms in the tubular nanoribbon,

and py is the surface carbon density.

M = r Eq.S1
= R q'
=k Eq.S2
~ 12 e
N = 2nRL * pg Eq.S3

Figure S 1. Laminar sheet of graphene bended to form a tubular ribbon

The energy (dW,.q) Needed to bend a flat 2D graphene nanoribbon with moment M through an angle dé
to form a tubular nanoribbon, as shown in Figure S1, corresponds to the total strain energy stored in the
nanoribbon’s bonds with a curvature 1/dy. Therefore, the strain energy (Estrain) can be defined in terms of

Young modulus (Y), tubular nanoribbon length (L), nanoribbon wall thickness (a), and tube diameter (dv).
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2T

deend = M/2 do EqS4
0

YLa®n YLa3m
Whenda = Estrain = 12R = 6d Eq.S5
T

The curvature energy (Ec) is a function of Y, a, dr and the carbon surface density ps and is defined as the
strain energy (Equation S4) normalized by N, the total number of C atoms and reduced to the expression in
Equation S6.

Estrain Ya?

a
E, = = =— Eq.S6
TN T epdz @ 1

2. Model Approximations

The dimensional analysis is useful to reduce some of the expressions obtained in the Theoretical
Background and Model Development section. We can start by defining the characteristic diameter S as a
temperature dependent function, this allows us to separate the temperature effect in a simple expression

(Equation S7) and group the particle effect using the variable d,,, (i.e. the upper limit in the extension of

phase).

a
TY= |— Eq.S7
B(T) kT q

dyp = dy, + 8, Eq.S8

We obtain a friendlier form of the probability distribution f; (Equation S9) reducing the expression in
Equation 7 with the new variables 8, and d,,,. In this expression, the denominator is a function of the
dynamic particle curvature (d,), and the strength of interaction (6,), both contained in d,,,,. For simplicity,
we will call ¢(x) the function evaluated at the denominator for both limits of the extension of phase. ¢ (x)
is almost constant for an independent SWCNT growth event due to the small variation of particle diameter

during the dynamic process.

e_(ﬁ/dT)z e_(ﬁ/dT)z
Xp=dy = _
[\/EB erf(g) + xe—(ﬁ/x)Z] 2w p(dyp) — $(do)

x1=4dg

faldr, B) = Eq S9

The probability distribution is only valid for diameters within the extension of phase. Then, It is logical to

assume that the probability of reaching a diameter with a value bigger than d,,,, or lower than d, is null
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(dr > dyp or dy < dy = f4(dr) = 0). For this reason, we can constraint the Equation S9 multiplying the
probability distribution by the Heaviside function! H(d;) and fulfill the previous condition.

o~ (B/dr)?
d)(dup) - ¢(d0)

faldr,B) = [H(dr) — H(dr — dyp)] Eq S10

Equation S10 can be easily used to calculate the probability of obtaining a specific diameter range for

different independent particle conditions. Taking the limit when d, — 0, we can observe that ¢(d,) —
VmB, this value will be used in the simplifications that follow instead of the evaluated value for dy(=

0.34 nm).
2.1 Probability Distribution Function

The probability distribution for five different particle sizes between 1 nm to 5 nm are shown in Figure S2
(left). We can see that the distribution collapses to zero above d,,,, this is due to the Heaviside function
H(dy — dy;) constraint. However, it naturally converges to zero in the lower limit due to the rapid increase
in curvature energy (E. — o), reducing the probability of reaching this microstate according to the
Boltzmann energy distribution (e~ — 0). The f; distribution evolves from a very pronounced Dirac like-

form for a small catalyst to almost a uniform distribution when the particle gets bigger.

12 ‘ ‘ ‘ 1.2
10 | , 1
d =1 d =1
8 | L. 08 | P
d =2 d =2
p —p
— d =3 s d =3
= o1 P g %6+ p [
d =4 © d =4
P P
4t d =5[] 04 1 d =5 ]
P P
2L ﬂ 0.2
0 } e 0
0 2 4 6 8 0 6 8
d
d. (m) T (m)

Figure S 2. Probability distribution f; using optimized parameters for a cobalt particle. [Left] Probability distribution function (f;)
for different particle curvatures (e.g. 1 nm to 5 nm). [Right] Cumulative distribution function. The probability of obtaining a 4 nm

diameter tube using different particle sizes (4 nm and 5 nm) is calculated for this scenario.

A quick example for the probability calculation is proposed with the parameters fitted from our

experimental data set (e.g. a,yp;). Figure S2 (right) shows the cumulative distribution function (CDF) in

Equation S11 for our model.
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dr
CDF(dy) = fa(x,T)dx EqS11

— 00

Using the CDF properties, we can calculate the probability of obtaining a tube within a certain diameter
range. The probability of obtaining a tube diameter of at least 4 nm is 84% with a particle diameter of 4 nm

and only 47% with a particle diameter of 5 nm.
2.2 Dimensional analysis

We define two extreme limits for the analysis as shown in Figure S3. The first case is for g/d,, > 1:
most of the small particle zone (d,,/d, « 1) considered in the stability analysis is under this approximation
due to the linear dependency of the denominator with the particle curvature. Figure S3 shows the
simplifications for the probability distribution function (f,;) and the average diameter (< dy >) using both
approximations for the first case. It is remarkable to observe that the model foresees an approximate linear

behavior corresponding to the upper limit in the extension of phase d,,;, for the lower stable region. This

result agrees with our experimental data (Figure 5).

CALCULATION STEPS DIMENSIONAL ANALYSIS

dup 4 L) B/dy, > 1
B21™® second approx

& irst Approx 1 2 _B
fa=e d’r/dJ(dup) Tirot Appros f xfd(x,T)dx=m[BZEi<—%>+xze E s <dy>

do do

FIRST APPROXIMATION SECOND APPROXIMATION
1) B/ dyy » 1+ (i) erf(B/dyp) = 1 1) B/ dyp » 1+ () Ei(—B/dyp) >0
BZ
7(1_2 —B2 1 — 1 2
e 1 () 1 -5 4
fd(dr.T)=_—ﬁzz~ae T fup <d1>zmdﬁpe du?:%p
dype @) up
p? 28 2 B? f* B?
. - . e (L I 0 TION ~ il
2)B/dypy < 1+ () exp(— B2/d2,) =1 o ; (i6) erf(B/dyp) ~ L 2)/dup < 1+ OFi (=(B/dyp)”) = In (([511>+y,(u)c » 1 z
2 2 2
i i e (nfig) ) s
- U,
faldnT) = —— E -7 <dr>= o
J A ——+dy, — V7, 2 (5—+dy, —
v [dup\/ﬁ] T [1 dﬁp] Vb hup e Vi (d“P P ﬁﬁ)

Figure S 3. Approximations for the model using dimensional analysis. Expressions for f; and < d > were obtained using both

extreme scenarios.

Figure S4 shows that the deviation between the final approximated expressions and the numerical estimate

is still large for the region of interest (5 / d,,, > 1). Nevertheless, the error decreases with the particle

size and we can observe that for large particles there is even a reasonable agreement with the experimental
data (Figure S4 - right).
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Figure S 4. Reduced functions obtained for the first case (8 / d,;, > 1) scenario in the dimensional analysis. Both approximations

were compared against Tibbets’s experimental set (Right) and our experimental wdata (Left).

The second limit case is for §/d,,,, < 1. This scenario corresponds to the tube diameter behavior for most

large particles. The reduced expression for < d > in Figure S3 can be difficult to visualize only with the
function obtained. However, we can observe that both, the denominator and numerator increase to similar
rates creating a counterweight for the final diameter expression. The effect is a linear trend for large
particles, and an especially accurate agreement using any approximation (i.e. either for the distribution or

the final diameter expressions) as shown in Figure S5.
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Figure S 5. Reduced functions obtained for the second case (8/d,,;,, < 1) scenario in the dimensional analysis. Both approximations

were compared against Tibbets’s experimental set (Right) and our experimental data (Left).



3. Optimization of Parameter a

In this work, we decided to estimate a useful reference value for a from our experimental data. Gulseren et
al, as mentioned before, obtained a value of 0.086 eV nm? using ab-initio calculations in their work about
the energetics and curvature effects in CNTSs?, therefore we used this value as an initial guess. The o
parameter is the only unknown variable in the model and for this reason, we proposed the following

optimization model to fit the data:

Minimize: Y(< dr > —dTmeasure)2 Eq 512

dup

e~ (B/x)?
with, <d;p> f dx EqS13
r ¢ (dupr do) 1

Constraints, a =0 EqS14

Figure S5 shows the results and comparison between the optimization and DFT method. The fitted value

for the o parameter (@y,; = 1.15 eV nm?) reduces the error for the small particle region and gives good

results even against Tibbett’s data set that wasn’t adjusted with the optimization model.

5.0 . . . . 50.0

40 | 40.0
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d
d
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0.0 | I I I 0.0 | I I
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d (hm) d  (m)
P P

Figure S 1. Optimization of the parameter a. (+) High-resolution TEM experimental Data. (x) Data collected from Tibbets®. A

comparison between the optimized value a,,; and the value from Gulseren et al? is shown.

In the left image, the particle diameters yielding SWCNTSs range between ~ 0.8 nm and slightly above 3
nm, whereas the range is much wider for the MWCNTs (between = 10 nm and = 80 nm). It is evident that
the prediction for inner tube diameters using either Gulseren reported value for a, or the value optimized

for SWCNT is very similar. We can observe that the model is more sensitive for small particle sizes and
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produces small deviations for the large particles. For this reason, an accurate o parameter will allow the

design of a narrower diameter profile in the growth of supported SWCNTSs.
4. DFT Calculations

The graphene — metal system has been studied extensively for transition metals like cobalt*’ (Co) and
nickel™> (Ni), and on a lesser extent for the iron'®” (Fe) and cobalt carbide!® (Co.C) surfaces. A general
trend observed in these DFT studies is that the interfacial interaction energy between graphene and the
metal is strongly dependent on the correlation used to calculate the dispersion energy. Other factors like the
rotation of the graphene layer above the metal slab, crystal structure and lattice mismatch may also affect
this interaction as well. GGA-type density functionals with a long-range dispersion correction are
exceptionally good for noncovalently bound systems including many pure van der Waals (vdW)
complexes'®. Additionally, the use of exchange-hole dipole moment dispersion correction has been recently
improved the prediction of the DFT studies in comparison with experimental results'?°. For this reason,
Steinmann’s dispersion correction?* was chosen, this method can account variations in the vdW contribut
ion of atoms due to their local chemical environment. Note that our model requires the equilibrium distance
only.

Table S1. Metal structure effect in the interaction energy between catalyst and graphene. Adhesion Energy, Metal-Carbon

interaction and equilibrium distance are calculated for [100] and [111] metal surfaces.

E.an [eV/nm?]  Eyc [meV/atom] 85 [nm]
System Crystal Structure
[100] [111] [100] [111] [100] [111]
Iron (Fe) Bcc -2.81 -266  -74.20 -63.11  0.204 0.306
Nickel (Ni) Fcc -0.94 -2.04 2477 -54.85  0.205 0.309
Cobalt (Co) Hcp -2.22 -6.68  -5549  -205.86 0.338 0.219

Cobalt Carbide
(COzC)

Orthorhombic -2.96 -2.63 -77.59 -68.66  0.220 0.348

Table S1 shows the variations for the adhesion energy, metal-carbon interaction and equilibrium distance
for the different metal-graphene structures showed in Figures S7 and S8. Graphene-like ribbons allow a
stronger interaction thanks to carbon dangling bonds at the edges?, the infinite layer approximation used

here focus in the metal-carbon regions where the bulk sp? structure is interacting weakly with the metal. It
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is observed the preference of certain facets to attract strongly the carbon structure, this could give an
indication in the type of adsorption (chemisorption vs physisorption) as proposed by some previous works.

Iron: Nickel: Cobalt: Cobalt Carbide:

Side: & iyt g
- ’ .

agXay: 2.46 x 8.60 430x2.46 2.44x4.10 492x4.26

Figure S 7. Top and side views for the metal — graphene systems using [100] metal slabs. The black rectangle at the top view

corresponds to the periodic unit area, a, and a, are vectors conforming the shape of the simulation box.

Iron: Nickel: Cobalt: Cobalt Carbide:

Side:

ap Xay: 4.05 x 4.05 498x4.98 4.34x4.78 5.24x12.36

Figure 1. Top and side views for the metal — graphene systems using [111] metal slabs. The black parallelogram at the top view

corresponds to the periodic unit area, a, and a, are vectors conforming the shape of the transversal area.

The (1x1) unit cell corresponding to the metal slab lattice vectors (a, x a;) was used in most [100] and
[111] systems. However, the Fe (100) and Co.C (111) systems were optimized with a (3x1) and (2x1)
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supercell respectively to reduce the lattice mismatch with the graphene periodic unit. All the systems were
started with an initial separation of approximately 0.3 nm between the graphene layer and the metal slab
and they were relaxed until reach the energy tolerance of 1 x 107° eV. Table S2 shows the maximum stretch
or compression after the relaxation for the graphene lattice constant?? (0.246 nm). We decided to use the

[100] surface for the analysis because this facet minimized the lattice mismatch with the graphene layer.

Table S 2. Percentage of change from the graphene lattice constant due to mismatch with the metal slab.

System [100] [111]

Carbon Carbide (Co»C) 1.32% 6.61%
Cobalt (Co) -3.02% 15.79%
Nickel (Ni) 0.69% 1.31%
Iron (Fe) 1.75% -4.87%

The difference in the equilibrium distance &, between surfaces [100] and [111] is expected due to different
surface interactions and graphene alignment. Previous works in Nickel!! and many other metals®!2%° have
shown that even for the same facet the chemisorption/physisorption behavior is observed due to a double
minimum in the interaction energy. It is then reasonable to assume most works report one of the two
minimum equilibrium distances in the energy profile. Table S1 shows that one of the metal facet converges
to either the chemisorption distances (~0.2 nm) or the physisorption distances (~ 0.3 nm) for the interaction
with the graphene layer. The model doesn’t distinguish between facets due to the approximately spherical

shape assumption, but neither a,,, nor the tube profiles predicted for the Iron particles show significative

changes for the range 0.2 — 0.3 nm. The results obtained of the interaction energies and the equilibrium

distance compared to other DFT works are within the reported ranges as shown in Table 1.
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