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ABSTRACT: Fe—Mo bimetallic catalyst is a promising
candidate for achieving efficient growth and fine structures of
vertically aligned carbon nanotubes (VA-CNTs) by catalytic
chemical vapor deposition (CVD). Understanding the surface
morphological evolution of a bilayer metal film and
accompanied changes in the resultant CNT structure is a
key to modulating the VA-CNT growth. We correlate the
growth rates and individual CNT structures with the Fe—Mo
catalyst morphological evolution. At CVD conditions, the
layered bimetallic films evolve into entirely different ensembles
of polydispersed nanoparticles depending on the ratio and
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stacking order between Fe and Mo. Specifically, Fe-on-Mo type nanofilms develop to denser and smaller nanoparticles with more
pronounced bimodality in size than do Mo-on-Fe type nanofilms, leading to better alignment and unique diameter distribution of
resultant CNTs. Also, the decrease in the catalytic activity of Mo-rich Fe—Mo nanoparticles can contribute to the diameter,

alignment, and density modulation of VA-CNTs.

1. INTRODUCTION

Besides the monometallic catalysts of transition metals (i.e., Fe,
Ni, and Co), multicomponent catalysts have been regarded
useful for CVD synthesis of VA-CNTs. A number of studies in
the past decades have reported about the potential of such
binary and ternary catalysts toward chirality selection,"* size
control,®> quality enhancement,* "' and low-temperature
growths."”””"* Mo added to an Fe-catalyzed CVD process has
been drawing attention due to its promise of higher growth
efficiency, particularly when the Mo-to-Fe ratio is tuned very
low.%*">~1® It is presumed that pure Mo does not participate in
the CNT nucleation for it converts to Mo carbide (Mo,C)
during the CVD process. Earlier studies, nevertheless,
discovered that when used as a cocatalyst, Mo can alter the
catalyst-assisted reactions of feedstock gases by forming alloy
catalysts.l'?"19 Later, an in situ environmental transmission
electron microscopy (TEM) study has revealed that Fe—Mo
catalysts can evolve into not only inactive Mo-rich Fe—Mo
oxide (Fe,Mo;0g) but also into active forms such as FeMo
carbide ((Fe,Mo),;Cs) and Fe carbide (Fe;C) depending on
the Mo content.**'

The primary aims of the Fe—Mo catalyst investigations have
been so far to find out which case stands out as the best one in
improving the catalytic activity and lifetime. Several studies
have focused on the complex interactions between surface
elements of Fe, Mo, and support materials (i.e., AL,O; or SiO,)
in order to understand their catalyst formation and influence on
CNT growth.”>">* On the other hand, Harutyunyan et al. have
suggested that a small amount of Mo added to Fe can lower the
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minimum catalyst size compared to the monometallic Fe
catalyst.%'>** Despite the previous achievements, still elusive is
a clear relationship of the surface morphological evolution of
the bimetallic catalyst system to the collective growth features
of the resulting VA-CNTs.

Here, we report for the first time the direct correlation
between catalyst evolution of Fe—Mo nanofilms and the growth
rate, diameter, and areal density of VA-CNTs. Commonly used
AlO; support and e-beam evaporation technique are chosen
for this study, and a comparative set of catalysts with different
Fe-to-Mo ratios and stacking orders are prepared systemati-
cally.?*™*° It is clearly seen that the variations in catalyst
configuration result in pronounced differences in catalytic
activity and lifetime as well as the VA-CNT structures. With
microscopic and spectroscopic characterizations, we find the
clues to the positive effect of the Mo cocatalyst in a controlled
VA-CNT synthesis and accordingly speculate a mechanism by
which catalysts are formed and deactivated in the Fe—Mo
bimetallic system. By highlighting the effect of interactions
among all the surface components (Fe, Mo, and AL, O;) on the
formation of actual catalyst particles, our study provides a
rational basis of designing bimetallic catalysts for the growth of
structurally programmed VA-CNTs.
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Figure 1. Temperature dependence of (a) the average height and (b) the average growth rate of CNT forest grown from Fe (reference), Fe-on-Mo,
and Mo-on-Fe type catalysts after 10 min growth. The stacking orders of Fe and Mo film are noted along with their nominal thicknesses (nm) in the

legend. Dashed lines in the Arrhenius plot are drawn for visual guidance.

2. EXPERIMENTAL SECTION

A series of catalysts of several nanometers thick, Fe—Mo films
having various Fe-to-Mo ratios, thicknesses, and stacking orders
were prepared by e-beam evaporation (Univex 550, Leybold) at
low chamber pressure in the range of 8.0 X 107/—2.0 X 107
mbar and slow deposition rate of 0.033 A/s. In all cases, VA-
CNTs grew from the catalyst supported by a 20 nm thick Al,O,
layer on a S00 um thick Si (100) substrate. VA-CNTs were
grown in a vertical cold-wall CVD reactor (Black Magic Pro,
AIXTRON). A detailed description of CVD process was
described elsewhere.® Briefly, when the base pressure reached
below 0.2 mbar, the CVD chamber was heated to 750 °C at a
ramp rate of 300 °C/min and held there for S min in a gas
mixture of H, (200 sccm) and Ar (800 sccm). A CNT growth
began by mixing 5 sccm of C,H, (purity >99.6%) to the gas
mixture. Throughout the entire process, chamber pressure was
retained in the range of 7—8 mbar. The gas concentrations and
flow rates were adjusted to grow tall single-walled VA-CNT's on
a 04 nm thick Fe catalyst used as a reference. The
morphological evolution of the metal surface was characterized
ex situ by use of atomic force microscopy (AFM, Asylum
Research MFP-3DTM) having a supersharp tip with a tip
radius of curvature less than S nm (NanosensorsTM, SSS-
NCHR). Images were obtained in the tapping mode with a scan
rate of 1 Hz and a cantilever oscillation frequency of ~279 kHz
for a scan size of 1 X 1 um? later processed using the WSxM
5.0 software.’’ As-grown CNT forests were characterized by
using Raman spectroscopy (Renishaw RM 1000 with a 785 nm
laser line, or 1.58 V), scanning electron microscopy (SEM,
Zeiss ULTRA S5 at S keV), and transmission electron
microscopy (TEM, Philips CM 12 at 100 keV).

3. RESULTS AND DISCUSSION

3.1. VA-CNT Growth on Bimetallic Catalysts: Fe-on-
Mo vs Mo-on-Fe Types. To understand the role of Mo in the
Fe-catalyzed VA-CNT growth, we prepared two groups of
bimetallic nanofilms, namely Fe-on-Mo (Fe over Mo) and Mo-
on-Fe (Mo over Fe) of different ratios and thicknesses. As a
reference catalyst, we selected a 0.4 nm thick Fe monometallic
film. Previously we have reported that temperature and C,H,
partial pressure are the critical parameters for diameter
modulation of VA-CNTs.** In this study we retained the
C,H, partial pressure at 0.025 mbar, above which single-walled
CNTs could not grow selectively from the 0.4 nm thick Fe
catalyst, and varied temperature.
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The average heights of VA-CNTs after a 10 min growth
show strong dependence on temperature and catalyst
configuration (Figure la). First, the reference Fe catalyst
showed activities between 580 and 870 °C far greater than the
bimetallic catalysts whereas a 0.4 nm thick Mo layer had no
catalyst activity under these conditions, corroborating previous
studies.”®> Note that the decreased growth efficiency has also
been previously observed when Mo is added to the metal-
catalyzed system at high contents (relative to an optimum Mo-
to-Fe ratio of 1:16).%"” Second, the two Fe—Mo catalyst groups
revealed clearly different behaviors in nucleating and growing
CNTs. For the Fe-on-Mo type, Mo addition did not change the
temperature window for VA-CNT growth but reduced the
catalytic activity and lifetime altogether. For the Mo-on-Fe type,
on the other hand, the growth window narrowed down (600—
780 °C) with significantly lower growth rates and shorter
lifetimes. While the nanotubes nucleated on pure Fe continued
to grow over an hour until they reached a terminal height of ca.
520 pum, those nucleated on Fe-on-Mo and Mo-on-Fe catalysts
ceased to grow within ca. 20 and 10 min, respectively. Such a
degrading tendency in catalytic efficiency became greater with
an increase in the Mo content. It is clearly seen that the Mo
cocatalyst is responsible for the catalytic performance
degradation in this binary system, and the degree of catalyst
deactivation strongly depends on the Mo thickness and
stacking order.

The temperature dependence of the average growth rates
revealed Arrhenius relations (Figure 1b). One can observe the
general trend of increased growth rate when the synthesis
temperature is increased and the surface coverage of Fe is
maximized. We attribute the diminishing Arrhenius slope and
the temperature shift of maximum growth rates to surface
processes limited by the presence of Mo, which is not as
catalytically active as Fe and likely to form stable carbide. We
suggest that, as for the Mo-on-Fe type catalysts, surface exposed
Mo may impede the hydrocarbon decomposition of the
neighboring Fe and thus deplete the carbon adatoms available
on the surface. This effect can result in the reduction of
effective carbon influx to active catalyst particles and eventually
limit the growth rate. This explanation is supported well by the
very low growth efficiency along with the very sparse nucleation
of VA-CNTs observed from the Mo-on-Fe type catalysts, which
will be described in sections 3.2 and 3.3. For the Fe-on-Mo type
catalysts, the overall reduction of growth rate with increased
Mo content is attributed to the existence of Mo islands
embedded within and lying in between the Fe nanoparticles,
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interrupting the carbon diffusion in the metal nanoparticle and
intercepting the available surface carbons, respectively. Several
reports claimed that Mo addition to the Fe catalyst can affect
the conversion rate of hydrocarbon (i.e, CH, C,H,,
C,H;OH), thereby directly influencing the growth rate and
CNT yield.”®'>'” Other studies suggested that Mo and Mo
carbide could act as a carbon sink whereby they supply carbon
intermediates to the neighboring active sites, suppressing
otherwise rapid deactivation of catalyst."”*>**** Qur observa-
tions are consistent with these previous findings. In particular,
the Mo-on-Fe type seems to fit better with the former cases,
while the Fe-on-Mo type shows similar tendency to the latter
cases.

Interestingly, all the VA-CNT height vs growth temperature
curves share a similar shape with two local maxima, different
from the typical bell-shaped curve.*® To identify the origin, we
compared several VA-CNT samples grown on Fe-on-Mo (Fe
0.4 nm/Mo 0.2 nm) at several temperatures: 750, 775, 810, and
840 °C. There was little difference in the density and alignment
of CNTs, while the CNT quality indicated by Raman radial
breathing mode (RBM) and G-to-D ratio was improved at
higher temperatures (Figure S1). TEM analysis revealed that
details of the CNT quality change as follows. The nanotube
diameter distribution is broad and multimodal at the low-
temperature height maximum (750 °C) but gradually narrows
down and shifts to smaller diameters, converging to a Gaussian
distribution until the high-temperature height maximum (810
°C) is obtained (Figure 2). Surpassing this temperature, the
distribution becomes broadening again while decreasing the
growth rate until the catalyst system cannot sustain the VA-
CNT growth any longer.

a. 750 °C b. 775°C

Number of nanotubes

01 2 3 4 5 60 1 2 3 4 5 6
CNT diameter (nm), Fe-on-Mo (0.4/0.2)

Figure 2. TEM diameter and wall number histograms of VA-CNTs
grown from Fe-on-Mo (0.4/0.2 nm) catalyst at 750, 775, 810 (forest
height maximum), and 840 °C, single-walled (green) and double-
walled (yellow) CNTs, respectively.

We suspect that the sudden drop in the growth rate could be
somehow attributed to the physical polydispersity of various
diameters of bundled CNTs. The growth rate mismatch among
the CNTs of different diameters and wall numbers could exert
mechanical stress on these CNTs bundled together in physical
contact, thereby decreasing the collective growth rate.>® Indeed,
it is quite interesting that we obtain the maximum growth rate
when the diameter distribution is narrowed altogether so that
the growth rate mismatch is minimized. On the other hand, the
sudden drop in the CNT forest height is observed to take place
at 775—790 °C independently of catalyst configuration and Mo
content. Hence, thermally induced surface processes (i.e.,

migration/agglomeration or Ostwald ripening) of metal
catalysts and alteration of dominant gas pyrolysis products at
this temperature range®>>”** could also be the possible causes.

3.2. Catalyst Evolution of Fe—Mo Bimetallic Nanofilms
on Al,O; Substrate. Numerous studies have evidenced that
not only the structure of CN'Ts*>*" but also their growth rate
and terminal height”®*® are closely related to the nature of
catalyst nanoparticles. In the previous section, we found out
that the growth characteristics of VA-CNTSs can drastically vary
depending on the catalyst configuration. To clarify the origin of
this variation, we investigated the formation of catalyst
nanoparticles on the Al,O; support at CVD temperatures by
ex situ AFM. Prior to AFM analysis, catalysts underwent
annealing at 750 °C followed by quenching without proceeding
to the nanotube growth step. The AFM topography of the
metal catalysts was obtained by accounting for the asperity
(1.77 + 0.42 nm)** of the granular Al,O; support.

It is clearly seen that Fe and Mo show very different
wetting—dewetting behaviors on Al,O; (Figure 3a,b). Much

Figure 3. AFM topography images of (a) pure Mo, (b) pure Fe, (c)
Mo-on-Fe, and (d-f) Fe-on-Mo types of bimetallic catalysts annealed
at 750 °C. Nominal thickness of each layer (nm) is noted in
parentheses.

larger and denser nanoparticles formed on the Fe than on the
Mo films of the same thickness (Table 1). At high temperatures
thermodynamically stable catalyst nanoparticles are likely to
form to minimize the surface free energy at the catalyst—
support interface. Upon annealing, thus, Fe (higher surface
energy of 2.939 J/m?) is expected to dewet easier than Mo
(lower surface energy of 2.877 J/m?) on ALO; (negative
surface energy).*”*'~* This argument is supported by previous
findings that the more electropositive a metal species is (e.g.,
Mo rather than Fe), the more likely it is to wet the oxide layer,
leading to a layer-by-layer configuration.*>*¢

Dewetting of the bilayered film is more complicated due to
the influence of interdiffusion and the different thermodynamic
behaviors of the two metal species. It is well-known that high-
temperature annealing of a Fe/Mo bilayer induces Mo diftusion
into Fe (e.g, Mo solubility of 3% in a-Fe at 970 K).*’~*
Hence, the dewetting of the thin bilayer will be accompanied by
the production of an Fe—Mo alloy at the interface. Besides,

dx.doi.org/10.1021/jp402941u | J. Phys. Chem. C 2013, 117, 18657—18665



The Journal of Physical Chemistry C

Table 1. Summary of the Surface Morphological Properties of the Difference Types of Al,O; Supported Fe, Mo, and Fe—Mo
Bimetallic Catalysts Obtained by AFM after 5 min Annealing in the Absence of C,H,: Mean Height, Root-Mean-Square (RMS),

and Height Profiles

mean height RMS
catalyst type (nm) (nm) AFM height profiles
a: Mo (0.4) 0.98 027 (m)
54
44
b: Fe (0.4) 2.51 1.23 31 a
14 b
c: Mo-Fe (0.4/0.4) 7.74 3.91 0 . , . .
d: Fe-Mo (0.4/0.4) 5.21 2.73 ¢
#
#: Fe (0.8) 2.84 1.32 d
e: Fe-Mo (0.4/0.3) 4.34 1.92 10
e
N o
f: Fe-Mo (0.4/0.2) 1.79 085 : . ‘ ,

0 50 100 150 200 250 (nm)

theoretical modeling and experimental characterization have
supported that the stacking order of the bilayer can play a
crucial role in determining both the structure and composition
of the dewetted particles. In particular, for the Fe—Mo
bimetallic system Pint et al. have described a competition
between metastable formation of persisting Mo cores within Fe
particles and surface segregated Mo clusters on Fe particles, of
which resulting catalyst configuration depends on the initial
position of Mo (inside or outside of the Fe cluster) and the Mo
concentration with reference to the catalyst size.”*°

We observed that upon annealing both the Fe-on-Mo and
Mo-on-Fe configurations generated nanoparticles in disparate
size distribution and number density from each other. The Mo-
on-Fe type generated larger particles with lower number
density than did the Fe-on-Mo type. When Mo was deposited
onto Fe (0.4 nm)/ALO; at 1:1 ratio, the average height of the
resultant nanoparticles was three times larger than those
resulted from the Fe/Al,O; whereas their number density
dropped by one-fifth. Compared to those resulted from Fe (0.8
nm)/ALQ;, these nanoparticles are still much larger in size and
nearly 40% lower in number density (Figure S2 and Table 1).

In the Mo-on-Fe type, Mo atoms seem to reside on the
surface of preformed Fe beads and/or exposed Al, Oy, resulting
in Mo patches bound to Fe beads and/or Mo beads in between
them. Indeed, X-ray photoelectron spectroscopy (XPS) data
(Figure 4a) suggest that the absolute atomic concentration of
Mo as well as the Mo-to-Fe ratio drastically drop at the shallow
incidence angle, or very near the surface, indicating that the two
metal components are not well mixed and rather exist in a
segregated fashion. The dominant presence of Mo on the
surface also explains the very low growth rate observed from
the Mo-on-Fe type catalyst. Because of the nature of Mo that is
prone to carbide formation, this morphology will be most likely
to cause a decrease in an effective carbon flux to catalytically
active nanoparticles such as Fe rich Fe—Mo alloys, eventually
lowering the CNT growth rate.”>*' From the aforementioned
observation of larger nanoparticles and lower number density,
we finally recognize that, having easily dewettable Fe
components dominantly in contact with the Al,O; underlayer,
the Mo-on-Fe configuration could induce an extensive
reconstruction of the entire film leading to the formation of
large alloy nanoparticles upon annealing. The strong tendency
of forming large alloy particles could also be partly attributed to
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Figure 4. X-ray photoelectron spectroscopy (XPS) spectra of annealed
(a) Mo-on-Fe (0.2 nm/0.4 nm) and (b) Fe-on-Mo (0.4 nm/0.2 nm)
catalysts at two incidence angles of 17° and 45°, with smaller angle
indicating closer to the surface, and the corresponding atomic
concentrations of Mo and Fe.

the surface segregated Mo atoms capable of impeding the
cracking and migration of the surface Fe components.

When Fe was added onto Mo/Al,O;, on the other hand, the
particle size enlarged gradually with an increase of the Mo
thickness, but the catalyst number density was maintained
similar to that of the Mo/Al,O;. The predeposited Mo atoms
cannot bead up on Al,O; as easily as Fe atoms do. As the result,
the Fe-on-Mo type produces smaller particles than the Mo-on-
Fe type does when annealed. Nearly constant particle number
density independent of the Mo underlayer thickness and similar
to that of the Mo/AlL,O; implies that the presence of Mo at the
catalyst/support interface can alleviate the fluctuation of entire
film. We further observed bimodality in the size distribution of
catalyst nanoparticles, which tends to be more pronounced in
the Fe-on-Mo type and at high Mo content (Figure 3d—f). The
XPS intensity ratio of Fe to Mo did not vary at different
incidence angles (Figure 4b), which indicates that the Fe-on-
Mo type favors stable alloy configurations between the two
metal species, unlike the Mo-on-Fe type catalysts. This finding
is consistent with the previous description that Mo can choose
a metastable core configuration inside an Fe cluster considering
excessive strain energy required for Mo to overcome and
surface.”® These observations consequently suggest that our Fe-
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on-Mo type catalyst could thermally evolve into either Fe-
shelled Mo particles or small Fe particles in between Mo
particles.

Deposited catalysts are inevitably exposed to air while stored
and transferred to the CVD chamber, and if they are not
reduced completely, the effect of oxidation could play a
significant role in the final catalytic activity. A thin layer of
native oxide will be present on the catalyst surface in the forms
of FeO/Fe,0; for the Fe-on-Mo type and MoOj; for the Mo-
on-Fe type and may have a certain impact on the evolution of
the thin bimetallic film.>’~* On the other hand, the bottom
layer of the stacked metal film can be relatively better protected
against the oxidation; according to a previous report, for
example, Mo underneath Fe in an Fe-on-Mo stack has
maintained its metallic nature even at a severe oxidizing
condition.>* Since all the catalysts of our study were annealed in
a low-pressure Ar/H, ambient prior to the CNT growth step,
Fe oxides could undergo thermal reduction via H, assisted O,
loss while Mo oxides could sublimate (>600 °C) and/or reduce
to low oxidation states (>400 °C). Note that there could be
other factors influencing the catalyst oxidation state. For
example, reduction of Fe oxides may be promoted by the
presence of Mo oxides because the reduction potentials of Fe
oxides are higher than those of Mo oxides.>*™%%  Also,
substantial interdiffusion of Fe and Mo could occur at the
interfaces simultaneously, with altering the composition and
distribution of metal oxides on the surface.*”**** A number of
studies on bimetallic catalyst systems of the similar kind, X—Mo
(X = Fe, Co, Ni), have reported that even after long annealing
in a pressurized H, ambient a significant amount of Mo tends
to remain oxidized on the substrate in the mixed form of MoO,,
(x < 3) and oxidized metal molybdates (FeMo, O, or
CoMo,0 )20 22336061 They claimed that such omdlzed Mo
promotes reduction of the neighboring metal and also
physically traps the reduced metal particles. In the analogous
sense, it can be hardly true that the metal oxides are fully
reduced during the CVD process in our growths as well.
Relatively low growth efficiency found in this work may be
partly ascribed to the partial or incomplete reduction of oxide
phase.%

It is likely that the stacking order of Fe and Mo could affect
how and where such oxide phases form and how they interact
with the other components at the surface. For instance, the
presence of stable oxide phase at the catalyst—support interface
would contribute to the suppression of the thermally activated
surface phenomena such as migration/agglomeration and
Ostwald ripening, thereby narrowing the diameter and
distribution of nanoparticles, as observed in our Fe-on-Mo
type catalysts. On the other hand, oxides resided on surface
cannot restrict the dewetting phenomena at the interface and
therefore allow an extensive reconstruction of catalyst particles.
Further investigations by atomic-scale surface analysis techni-
ques performed in situ or in a time-resolved manner are desired
for obtaining detailed information on compositional evolution
accompanied by the morphological evolution of the oxide-
supported Fe—Mo catalysts.

3.3. VA-CNT Diameter and Alignment. A close
examination of VA-CNTs was carried out using TEM and
SEM to verify the catalytic performance of the evolved
bimetallic films in controlling the structure of individual
CNTs as well as their alignment. The reference, 0.4 nm thick
Fe catalyst selectively grew single-walled VA-CNTs whose
diameters constituted a Gaussian distribution between 1.95 and
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4.08 nm (blue dotted lines in Figure S). Interestingly, the Fe—
Mo bimetallic catalysts nucleated much smaller nanotubes than

a. Mo-Fe (0.2/0.4)

d. Fe
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Figure S. TEM diameter histograms of VA-CNTs grown from (a—c)
Mo-on-Fe and (d—f) Fe-on-Mo type catalysts at 750 °C; the blue
dotted lines indicate the diameter range of the nanotubes grown from
the reference catalyst (0.4 nm thick Fe). Green, yellow, and blue colors
indicate single-walled, double-walled, and triple-walled CNTs,
respectively.

the minimum diameter achieved from pure Fe Ccatalyst,
consistent with our observations on the catalyst evolution.

For the Mo-on-Fe type, the diameter range was broad at a
low Mo content but narrow and shifted toward smaller sizes at
high Mo contents. In the previous section, the particle size and
bimodality increase with Mo content. It is apparent that the
large alloy nanoparticles rich in Mo on the skin did not
participate in the CNT growth even though they exist in large
population. According to several recent studies, carbon flux can
significantly affect the diameter distribution of nanotubes.**%>%*
An excessively high carbon flux can overfeed small particles
inhibiting their catalytic activities, while too low a carbon flux
may be insufficient to activate large nanoparticles. Here, the
large alloy nanoparticles skin-enriched with Mo have not only
the low catalytic activity for hydrocarbon decomposition but
also high demand of carbon influx for supersaturation.
Therefore, it is not likely that they can nucleate large diameter
CNTs.

For the Fe-on-Mo type, in contrast, the diameter range
continued to broaden as the Mo underlayer became thicker,
and much larger nanotubes appeared to nucleate at the high
Mo content. This tendency is corroborated by the Raman RBM
spectra. The Raman G-to-D ratios show fairly high values larger
than 8, indicating high crystallinity of CNTs in all cases (Figure
S3). As pointed out above, having Mo in the core the alloy
catalysts could retain their surface activity by breaking
hydrocarbon on their Fe skin, thereby allowing the large alloy
nanoparticle to nucleate nanotubes. Unlike the Mo-on-Fe type
case, the outcome of the thermally induced morphological
evolution of the Fe-on-Mo type catalyst can be well reflected in
the diameter distribution of the resultant CNTs. Nevertheless,
the reduction in the growth rate described in section 3.1
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Figure 6. Comparison of VA-CNT alignments by the cross-sectional SEM images of the forest grown on (a) reference Fe (0.4 nm), (b—d) Mo-on-
Fe type, and (e—g) Fe-on-Mo type of catalysts; the relevant surface morphological property of catalysts obtained from the AFM analysis (the areal
density of catalyst nanoparticles on annealed samples) is shown in (h) and (i). Scale bar: 300 nm.

suggests that the presence of large portion of Mo within the
alloy nanoparticle could consume carbon significantly prior to
its complete conversion to carbide.

Nanotubes composed of more than a single wall showed up
in both bimetallic types at all compositions. Unlike the general
tendency for Fe catalysts that the CNT wall number depends
on their diameter (i.e., small nanotubes tend to be single-walled
whereas large nanotubes to be double- or multiwalled),®> we
found out that a large proportion of the small-diameter subset
of the VA-CNTs were multiwalled. This result implies that the
size effect of catalyst nanoparticles on the CNT wall number
could be hardly applied to the Fe—Mo bimetallic system. We
speculate that the multiphase crystalline structure of an alloy
nanoparticle may provide multiple nucleation sites per
nanoparticle, and the local variation of carbon saturation
within the particle could lead to asynchronous budding of
graphitic shells on a particle.>**¢%¢”

We emphasize that not all the nanoparticles present on the
substrate are capable of growing the nanotubes. As described
above, the stacked bimetallic films generate rather inhomoge-
neous nanoparticles, not only in terms of the size but also of
catalytic nature (e.g., atomic composition, oxidation state, etc.)
As the result, observable disparities exist between nanoparticles
and nanotubes about size distribution (Figures 3 and S) and
areal density (Figures 3 and 6). The CNT alignment has been
related to the areal density of active nanoparticles based on the
crowding effect that, as more catalysts are packed on the
surface, CNTs can interact more with neighboring nanotubes
and grow aligned vertically.®*~7° In addition, Bedewy et al. in
their recent work have pointed out that the packing density and
alignment of collectively grown VA-CNTs could be influenced
by mechanical coupling among CNTs in contact and variable
growth rates per CNT diameters.”"

All our CNT forests grown from bimetallic catalysts were
much less aligned, representing lower density, than those grown
from the reference catalyst. Nanotubes grown from the Fe-on-
Mo type catalysts showed a gradual transition from uniform
and wavy aligned structure to partial alignment containing
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more laterally traversing nanotubes as the catalyst system
incorporates more Mo, explained by more nanoparticles
becoming inactive at the given CVD condition. This
observation agrees well with the above findings that, even
though the Fe-on-Mo type catalysts do not drastically change
the nanoparticle number density as the Mo content increases,
the population of large nanoparticles rich in Mo and thus
incapable of nanotube nucleation increases gradually.

On the contrary, the Mo-on-Fe type catalysts showed very
poor alignment even at low Mo content, attributed to both (i)
the initially very low number density of annealed nanoparticles
(Figure 3c) and (ii) a drastic reduction in the active catalyst
population, quite sensitive to a small change of surface Mo
content. The latter is consistent with the observation that even
at the low Mo content (i.e., Mo 0.2 nm/Fe 0.4 nm) the Mo-on-
Fe type shows very low growth rates. As a result, only the small-
size subset of catalysts that evolves into the form of thinly
populated, Fe-rich beads amid Mo-rich alloy nanoparticles
could produce VA-CNTs in the poor vertical alignment.

Finally, structural features of individual CNTs are more
diversified for the cases of Fe-on-Mo type catalysts (wider
variation in diameter and wall number as shown in Figure S),
signifying mismatches in their catalytic performance (ie.,
nucleate at different time scale, grow with different rate and
lifetime, etc.) and mechanical properties (ie., stiffer with more
nanotube walls). Although they must have affected the
formation of entangled network and bundling for collective
growth of VA-CNTs, the influence on the forest morphology
could not be unambiguously distinguished from the effect of
catalytic nanoparticle density, calling for further investigations
geared toward the design of a proper catalyst platform and the
detailed understanding of the factors governing the CNT forest
morphology.

4. CONCLUSIONS

Fe—Mo bimetallic nanofilms with different thickness and
stacking order can evolve into entirely different ensembles of
polydisperse catalyst particles, leading to a large variation in the
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resultant VA-CNT structure and growth speed. Correlation of
the surface morphological evolution of the Fe—Mo bimetallic
catalyst system with the resulting CNT structure provided a
reasonable explanation on the role of the bimetallic films in the
VA-CNT growth. The Mo-on-Fe type metal films most likely
evolve into alloy nanoparticles in the form of Fe beads
decorated with Mo clusters, while the Fe-on-Mo types
transform to both Fe-shelled Mo beads and small Fe
nanoparticles in between them. The different morphological
evolution of an ensemble of alloy catalyst particles is
accompanied by the change in their chemical nature in that
the Fe-on-Mo type provides Fe-rich surface that has a higher
catalytic activity for hydrocarbon decomposition than does the
Mo-rich surface, thereby tending to saturate and to nucleate
nanotubes readily. These differences can directly affect the
growth rate and the diameter range of VACNTSs. In addition, it
is merely a small amount of Mo in the Fe nanoparticle that
influences the catalyst particle formation in the early stage prior
to CNT growth and contributes to narrowing down the CNT
diameter range. In the Fe-on-Mo type, for example, Mo at low
content is observed to suppress the migration/agglomeration of
Fe nanoparticles effectively, producing small catalyst particles.
In the Mo-on-Fe type, Mo turns the chemical nature of large
alloy particles inactive, so that they cannot nucleate large
diameter nanotubes. Although more study is needed to
comprehensively understand the surface atomic composition
and structure of the individual catalyst particles generated from
the bimetallic nanofilm, the new findings of this study will help
further improve the catalyst design and preparation method.
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