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In this Letter, using density functional theory based molecular dynamics simulations, we report that
contact to a carbon nanotube (CNT) induces phase separation in an alloy catalyst, which promotes CNT
growth. During growth of a CNT, the growth front tends to preferentially bond to the more active metal
atom in the alloy catalyst, thus triggering a phase separation of the alloy catalyst particle. The accumulation
of the active metal stabilizes the open end of the CNT, attracts carbon precursors to rapidly diffuse to the
growth front, and avoids catalyst poisoning by preventing the encapsulation of the catalyst. This study
resolves a long-term mystery surrounding the higher efficiency of alloy catalysts in CNT growth as
compared to a pure metal catalyst and thereby paves the way to a more rational catalyst design for

controlled CNT growth.
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Since the seminal observation of Iijima et al. in the early
1990s [1,2], despite intense effort from scientists world-
wide, a precise structure-controlled growth of carbon
nanotubes (CNT) remains elusive. In CNT growth, the
catalyst particle serves as a nanoscale template, catalyzes
the dissociation of precursors, and controls the diffusion of
carbon atoms [3—7]. Thus, it is widely accepted that catalyst
design is key to controlling CNT growth.

Experimentally, Fe, Co, Ni [8-9], and other transition
metal catalysts [10—16] were used in CNT growth. It has also
been observed that, compared to monometallic catalysts,
alloy catalysts have significant advantages for CNT growth.
In 1997, Fischer and co-workers reported that a mixture of
1 at.% Y and 4.2 at.% Ni resulted in a high yield of single-
walled carbon nanotubes (SWNTSs) in laser ablation CNT
synthesis [17]. Subsequently, by varying the metal compo-
sition, various alloy catalysts, such as Fe-Mo, Fe-Ru, Cu-Ni,
and Ni-Fe, have been designed to promote CNT growth
[18-20]. In addition to high yields, structure-selective
synthesis of SWNTs with controlled chirality was also
achieved by using alloy catalysts [21-23].

Unlike the case of monometallic catalysts that have been
studied using various theoretical methods, including den-
sity-functional theory (DFT) [24-28], molecular dynamics
(MD) [29-33], or Monte Carlo simulations [34-37], there
are no in-depth studies on how an alloy catalyst promotes
CNT growth [38]. With the aim of providing a general
mechanism to guide alloy catalyst design for CNT growth,
we performed systematic DFT-based MD simulations to
explore the role of the alloy catalyst in CNT growth. Our
results showed that a phase separation occurred in the alloy
catalyst, where the more active metal atom tended to
concentrate near the CNT-catalyst interface. We also found
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that this phase separation is critical for highly efficient CNT
growth by preventing the closure of the CNT growth front
and inhibiting catalyst poisoning.

In our atomic model for DFT-based MD simulations, to
reduce computation costs, each metal catalyst, consisting of
only 30 atoms, was attached to a short (9,1) tube with a total
of 60 C atoms in all simulations. C atoms at the other end of
the tube were saturated by hydrogen atoms and fixed during
the simulations at 1800 K. All simulations were performed
via the Vienna ab initio simulation package [39-40] with
the projected augmented wave method [41]. To reduce the
computational expenses, local density approximation
(LDA) was used for the exchange-correlation energy
[42], and a relatively small plane-wave cutoff energy of
300 eV and a 1 x1x1 Monkhorst-Pack mesh [43]
sampled Brillouin zone were adopted after careful justifi-
cation of the accuracy (see Supplemental Material [44]
Sec. I and Fig. S1).

We first consider a Au;sNijs alloy catalyst particle
attached to the open end of a (9,1) SWNT. In the initial
configuration [Fig. 1(a)], a random alloy catalyst particle is
attached to the rim of the SWNT and both C—Au and C—Ni
bonds are formed at the CNT-catalyst interface. During
simulation (Supplemental Material [44] Video 1, 1800 K),
we clearly see a continuous increase of C—Ni bonds and
a concomitant decrease in C—Au bonds [Figs. 1(a)-1(c)
and 1(g)], during which the energy of the system contin-
uously decreases [Fig. 1(f)]. The number of C—Ni bonds
quickly increases from ~4 to ~10 and then rises slowly to
~12 at 18 ps. Simultaneously, the number of C—Au bonds
is progressively reduced and eventually reaches ~2. The
significant increase in C—Ni bonds implies that a prefer-
ential grouping of Ni atoms at the CNT-catalyst interface
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FIG. 1. CNT-induced phase separation during MD simulation
of (9,1) tube on AuysNi;5 alloy particle at 1800 K. (a) Initial,
(b) middle, and (c) final structures of the CNT and alloy particle
during MD simulation, where blue and yellow spheres denote Ni
and Au metal atoms, and gray and white sticks represent C—C
and C—H bonds, respectively. (d) Initial and (e) final metal
content distributions along the z direction, where yellow and blue
bars represent Au and Ni, respectively. (f) Energy evolution
during 18 ps MD simulation. Gray line is the original energy
curve, black line is the smoothed line, and the red dashed line
highlights the trend of the energy curve. (g) Evolution of the
numbers of C—Ni (blue) and C—Au (yellow) bonds during the
simulation. (h) Snapshots of the MD simulation of Au;sNi5 alloy
particle without CNT.

occurs, as clearly depicted in the snapshots of the MD
trajectory [Figs. 1(a)-1(c)]. At the end of the MD simu-
lation [Fig. 1(c)], a distinct phase separation of the alloy
catalyst particle is seen with Ni atoms forming the bottom
part and Au atoms at the top of the catalyst particle, which
can be further confirmed by the metal content distributions
[Fig. 1(e)]. It is important to note that the tendency in
energy change is opposite of the trend in the number of
C—Ni bonds, which indicates that a greater number of
C—Ni bonds and less C—Au bonds are energetically
favored [46-48].

The MD simulation described above clearly demon-
strates the phase separation of the alloy catalyst when
attached to a growing CNT. To reveal the origin of this
phase separation, we consider the evolution of a free-
standing alloy catalyst from a phase-separated configura-
tion [Fig. I(h) and see Supplemental Material [44]
Video 4]. During the MD simulation, the two different
types of metal atoms gradually mix together [Fig. 1(h)].
The final configuration has more Au atoms on the surface
of the particle and more Ni atoms in the central area due to
the lower surface energy of Au than that of Ni (see [44]
Fig. S2). The energy profile of the trajectory indicates that

the formation of the core-shell-like structure is energeti-
cally favorable (see [44] Fig. S3). Such a dealloying
process must lead to the deactivation of the alloy catalysts
since the outer shell of the cluster contains mostly less
active metal atoms, which will degrade the catalytic activity
of the alloy particle [49-52]. The comparative study shows
that phase separation is specific to the alloy catalyst particle
attached to the growth front of a CNT; i.e., this phase
separation is triggered by the contact between the SWNT
and the alloy catalyst and is different from the formation of
the core-shell-like structure of the free catalyst particle.
This contact-induced phase separation ensures part of the
catalyst surface comprises active metal atoms and thus the
deactivation of the alloy catalyst for the feedstock decom-
position is avoided.

To verify that the contact-induced phase separation is a
common phenomenon in CNT growth, we performed MD
simulations with four other different types of alloy catalysts
(AuloNizo, CulsNi]S, CUZONilO’ and Fel5Ni15), among
which Cu-Ni [16,53-54] and Fe-Ni [55] are experimentally
proven highly efficient alloy catalysts for CNT growth.
Detailed analyses of the MD simulations are presented in
the Supplemental Material [44] (Figs. S4-S9, Videos 2, 3,
5, and 6), from which the contact-induced phase separation
is clearly seen in all alloy catalysts. So, we conclude that
the accumulation of active metal atoms at the CNT-catalyst
interface is a common phenomenon in alloy particle
catalyzed CNT growth.

It is worth noting that an alloy catalyst that contains one
metal that can easily form a high stable carbide phase
cannot be considered as a simple bimetal alloy as discussed
above. Such as in the CoMoCat CNT growth, the active Mo
atoms will first form a carbide phase and release Co
particles as an active catalyst for CNT growth [21]. In
such a process, the strong binding between CNT and Mo
atoms is greatly reduced after the formation of the Mo
carbide phase, and therefore, the active and less active
metal phase in the alloy is inversed (see [44] Sec. VIII and
Fig. S10).

Next, we investigated whether such a phase separation is
also found in large alloy particles, for which sizes could be
as high as 10 nm in real CNT growth experiments. DFT-
based MD simulations of such a large system (~10° atoms)
is not realistic, [29,34,37] and therefore, we focused only
on a small part of the tube-catalyst interface. As shown in
Fig. 2(a), a small part of the CNT-catalyst interface is
modeled by an attached graphene sheet (with armchair
edge) that is perpendicular to a flat Au-Ni alloy slab
surface. From Figs. 2(b)-2(e), we see that there is no Ni
atom directly attached to the edge of graphene in the initial
configuration, but during the simulation, the number of Ni
atoms around the graphene edge increases continuously.
After ~15 ps MD simulation (see Supplemental Material
[44] Video 7), the aggregation of Ni atoms at the interface is
clearly seen [Figs. 2(e) and 2(g)]. Further simulations with
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FIG. 2. Phase separation in a large system. (a) Schematic
diagram illustrating that, in a large system, at the interface
between alloy particle and CNT, the model could be viewed
as a graphene edge perpendicularly attached to the flat alloy
surface. Blue and yellow spheres are Ni and Au atoms, while gray
and white sticks are C—C and C—H bonds. (b)—(e) Snapshots (top
views) during 15 ps MD simulation. (f) Energy evolution during
the MD simulation, where gray line is the original energy curve,
black line is the smoothed curve, and red line shows the trend
in energy change. (g) Evolution of the numbers of C—Ni (blue)
and C—Au (yellow) bonds during the simulation.

a graphene zigzag edge attached to Au-Ni and Cu-Ni alloy
catalyst surfaces (see Supplemental Material [44] Fig. S11
and Videos 8 and 9) exhibit the same tendency, where Ni
atoms preferentially aggregate in the vicinity of the
graphene-catalyst interface.

The above simulations unequivocally show that the
CNT-catalyst contact induces a phase separation of the
alloy and that the active catalyst atom tends to aggregate
near the CNT-catalyst interface during the alloy-catalyzed
CNT growth [56]. For small catalysts [Fig. 3(c), top], the
active metals will segregate to the bottom of the particle to
interact with the growing CNT; for large catalyst particles
[Fig. 3(c), bottom], the phase separation can be realized
through the accumulation of the active metal at the tube-
catalyst interface, forming a circular ring of active metal
atoms attached to the open end of the CNT (Fig. 2 and see
Supplemental Material [44] Fig. S11).

To obtain a deeper understanding of the phase separation
of the alloy catalyst, we have analyzed the interaction
between a CNT and different transition metals. DFT
calculations show that a (9,1) CNT adheres to Niss,
Cuss, and Auss particles with binding energies of 29,
21, and 19 eV, respectively [Fig. 3(a)], indicating that Ni is
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FIG. 3. Illustration showing the underlying mechanism of the
contact-induced phase separation of an alloy catalyst. (a) Binding
energies of Niss, Cuss, and Auss catalysts to a (9,1) CNT.
(b) Binding energies between C atom and Ni(111), Cu(111),
Au(111) surfaces. (c¢) Schematic diagram showing the phase
separation in both small (diameter ~1 nm) and large (diameter
>2 nm) catalysts.

the most active and Au is the least active in its interaction
with a CNT. Hence, it is not surprising that the aggregation
of the more active metal atoms at the CNT-catalyst interface
to form strong C-metal bonds will reduce the total energy of
the system. One consequence of this effect is that the
formation of strong C-metal bonds at the CNT-catalyst
interface would further stabilize the open end of the
CNT, which is essential for the continuous growth of
CNTs [46-48]. Considering a relatively large alloy catalyst
particle of ~5 nm, with ~10000 atoms, a few percent of
active metal atoms (e.g., ~200) is sufficient to terminate the
open end of a 2-3 nm diameter CNT. Thus, using an alloy
catalyst with a large number of less active metal atoms and
a small amount of more active metal atoms for CNT growth
is feasible [15-16].

In addition to effectively terminating the growing CNT,
we have also investigated how the phase separation affects
CNT growth by carrying out further MD simulations while
adding C atoms to the phase-separated catalyst particle. As
shown in Fig. 4(c), 15 C atoms are randomly added onto the
surface of a Au;sNi;s alloy catalyst particle. A few pico-
seconds later, most of the C atoms added to the Au part
diffuse to the Ni part, which is closer to the CNT-catalyst
interface because of the stronger C—Ni bonding than the
C—Au bonding [Figs. 3(a) and 3(b)]. As a consequence of
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FIG. 4. CNT growth on a phase-separated alloy catalyst and on
normal monometallic catalysts. Snapshots taken at initial, middle,
and final stages of the MD simulations of (9,1) CNT on (a) Au,
(c) Au5Nis alloy, and (e) Ni particles. Atom distributions along
the z direction at the end of the simulations (last 5 ps) for (b) Au,
(d) Au;5Ni;5 alloy, and (f) Ni particles. Red shaded area denotes
the distribution of C atoms; yellow and blue bars are for Au and
Ni atoms, respectively. Schematic diagrams showing CNT
growth with (h) alloy and (g) monometallic catalysts.

the directional C diffusion on the catalyst surface, the
precursor concentration at the CNT-catalyst interface
becomes very high [Fig. 4(d)] and must lead to the fast
growth of the CNT. As evident in our MD simulation, a
new hexagon is formed at the open end of the CNT. It is
important to note that the catalyst remains phase separated
even with the further addition of C atoms, as shown in the
atom distribution profile [Fig. 4(d)].

To make a comparison, similar MD simulations were
carried out to explore the tube growth with two pure metal
particles, Aus, and Niszy. It can be clearly seen that the
distributions of the C atoms on the homogeneous metal
catalyst surfaces show no change [Figs. 4(a), 4(b), 4(e), and
4(f)]. During the simulations, we observe that a few C
atoms get attached to the rim, but no complete polygonal
ring is formed. In addition to the slow addition of C atoms
to the SWNT, carbon chains of different lengths are
observed on the catalyst surface [31-33], which is in sharp
contrast to the clean top surface of the Au-Ni alloy particle.

Our results thus show conclusively that there are two
advantages of using alloy catalysts in CNT growth as

compared to pure catalysts. First, the strong binding
between the active metal and the carbon precursor
[Fig. 3(b)] will lead to a directional diffusion of the C
precursor to the part of the catalyst with the more active
metal very close to the growth front of the CNT [Fig. 4(h)],
which leads to a higher precursor concentration at the CN'T-
catalyst interface [Fig. 4(d)]. Thus, a fast CNT growth is
achieved [Fig. 4(h)]. In contrast, on a pure metal particle
surface, there is an even distribution of the precursors on
the whole surface, which should result in a relatively slow
growth rate [Fig. 4(g)]. If the C feeding rate is further
increased, the high concentration of C atoms at the top of
the catalyst may initiate the nucleation of a large carbon
cluster, just like the carbon chains observed in the simu-
lations [Fig. 4(a)], and even new sp? networks, which are
well known to poison the catalyst by forming a graphitic
layer encapsulating the particle [30,47,57-58]. In contrast,
as compared to a pure metal catalyst, the top side of the
alloy catalyst is less active and the concentration of carbon
precursors is much lower, which prevents catalyst encap-
sulation and thus prolongs SWNT growth. With a faster
growth rate and longer growth time, it is certain that the
yield of CNTs will be greatly increased.

In summary, using DFT-based MD simulations of CNT
growth, we observed CNT-induced phase separation of the
alloy catalysts. The active metal atom tends to move toward
the open end of the CNT, and this induces a phase
separation of the alloy particle into an active part and a
less active part, which prevents the deactivation of the alloy
catalysts. The accumulated active metal atoms at the tube-
catalyst interface attracts C precursors to diffuse quickly
toward the growth front of the CNT, resulting in faster CNT
growth. Additionally, the gathering of the less active metal
atoms on the top side of the catalyst prevents the termi-
nation of the CNT growth by avoiding graphitic encapsu-
lation of the catalyst. It should be noted that the activity of a
metal depends on the reaction environment of CNT growth,
where some metals may easily form carbide phases [21,59]
and the weak binding between CNTs and the metal carbide
may greatly reduce the activity of the corresponding metal.
For example, Mo atoms are more active than Co atoms in a
Co-Mo alloy catalyst. While, during CNT growth, Co
becomes more active for CNT growth after Mo atoms form
a stable Mo carbide phase. So, the CNT will be terminated
by the Co and the Mo carbide will be at the other side of the
catalyst particle [60—61]. This study clearly reveals an
advantage of using alloy catalysts for CNT growth, and the
contact-induced phase separation of the alloy catalysts can
be considered as a general rule to guide catalyst design for
controllable CNT growth. Here we would like to note that
the contact-induced phase separation in an alloy catalyst
might be not the only advantage for CNT growth. As
demonstrated before, alloy catalysts may have several other
advantages for the CNT growth, such as the reduced
melting point of the catalyst particle [62], reduced eutectic
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point with tunable carbon solubility of the carbon-alloy
system [63], and the formation of metal carbide as a part of
the catalyst particle demonstrated in the W-Co alloy
recently [59].
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