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ABSTRACT: We reported herein the chemical vapor
deposition (CVD) growth of vertically aligned carbon
nanotubes (CNTs) with selective wall-number using binary
Fe—Cu catalysts. High quality single-walled carbon nanotube
(SWNT) and double-walled carbon nanotube (DWNT)
forests were predominantly produced with selectivity of
~92% and ~85%, respectively. Formation of small catalyst
nanoparticles with high areal density and fully reduced state
was found key for efficient SWNT growth. Characterization of

the catalysts by atomic force microanalysis (AFM) and high resolution transmission electron microscope (HRTEM) showed that
the introduction of the proper amount of Cu into the Fe/Al,Oj; catalyzing system inhibited diffusion of Fe NPs and facilitated the
full reduction of Fe catalyst, thus facilitating the selective growth of SWNTs. DWNT's were also obtained by introducing a thick
layer of Cu catalyst onto Fe/AL,O;. Our work provides a rational way for selective growth of vertically aligned SWNTs and
DWNTs, whose remarkable electronic and mechanical properties enable their promising application in nanoelectronics devices.

B INTRODUCTION

Vertically aligned carbon nanotubes (CNTs), especially single-
walled carbon nanotubes (SWNTs) and double-walled carbon
nanotubes (DWNTs), have been a subject of tremendous
research activities due to their superior mechanical,’ thermal,?
optical, and electrical properties.*”® Because of the considerable
advantages of the vertical alignment over random orientation,
both SWNT and DWNT forests have great potential as
building blocks in high-performance superfibers,” field
emitters,”'° light absorbers,'" and energy and environment
related applications.'”'® It is expected that the list of
applications would become even longer if the length, areal
density, as well as the wall-number, diameter, and chirality of
the CNTs are well-controlled. Pioneer reports have demon-
strated the controlled growth of high-quality vertically aligned
SWNTs and DWNTs with uniform structures. However,
further knowledge on the dependence of CNT structure on
specific synthesis factors is still required to realize the
controlled growth of CNT forests for application.

Among all the essential structure parameters of CNTs, the
wall-number is of special importance owing to the fact that it is
the prerequisite to the control of many important properties.
For example, the uniqueness of SWNTs, whose defined energy
band structures directly correlate to the tube diameters and
chiralities, provides a chance to control the electronic
properties; when used for field emission, DWNTs are most
desirable because they simultaneously have the low threshold
voltage of SWNTs and high durability of multiwalled carbon
nanotubes (MWNTs).'* For these reasons, the preferential
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growth of CNTs with homogeneous wall-number is highly
wanted for specific applications.

Recently, the most common and efficient growth system for
vertically aligned CNTs (V-CNTs) is chemical vapor
deposition (CVD) system, which produces CNTs following a
well-recognized vapor—liquid—solid (VLS) mechanism.® Ac-
cording to the VLS mechanism, the catalyst serves as seed or
template for CNT nucleation and growth. Consequently,
catalyst engineering deserves the most attention and effort for
the selective growth of V-CNTs. The general rule for catalyst
engineering is to obtain catalyst nanoparticles (NPs) with
desired areal density, size, and surface properties. To realize this
goal, the strategies that have been reported include the
following: (i) Choosing proper oxides as supporting layer for
the metal catalyst is one strategy. Al,O; has been used as a
common supporting layer especially for Fe based catalysts
because of the strong Fe—Al,O; interaction.">'® The addition
of a secondary SiO, supporting layer was recently found to
promote the preferential growth of large-diameter vertically
aligned SWNTs (V-SWNTs) by better controlling the size and
areal density of Fe catalyst NPs."” (ii) Water-assisted super
growth is a second strategy.18 H,O was identified to have two
essential functions. One is etching the excessive amorphous
carbon on the catalyst, which helps maintain the active state of
the Fe catalyst.'” The other is to inhibit the diffusion and
Ostwald ripening of the metal catalyst.” (jii) Development of
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Figure 1. SEM images of vertically aligned CNTs grown on Fe/Al,O5 catalyst (A) and Fe/0.1 mM CuCl,/ALO; catalyst (B). Raman spectra of
RBM peaks (C) and the D- and G-band modes (D) of CNTs synthesized on Fe/Al,O; catalyst and Fe/Cu/Al,Oj catalysts with different amounts of
Cu introduced. The spectra were collected with a 633 nm He—Ne laser, and the legends were shared between parts C and D.

binary or even triple metallic catalysts is a third strategy. Fe, Co,
and Ni are the most frequently involved metals. The advantage
of these catalysts comes from the synergetic effect induced by
the interaction between different metal components. For
example, due to the stronger interaction between Fe—Pt NPs
and the Al,O; supporting layer than that of Fe and Al,O,,
ultrafine and uniform Fe—Pt NPs were generated and facilitated
the selective growth of V-SWNTs and vertically aligned
DWNTs (V—DWNTS).21 Similarly, Fe—Mo,”” Co—Mo,”* and
Ni—Cr—Fe”* were used to preferentially grow V-SWNTs and
V-DWNTs. The catalyst composition of bimetallic catalysts
(Fe—Mn, Fe—Co, Fe—Ni, and Fe—Cu) was also shown to
influence the height and chirality distribution of the V-SWNT
arrays.” This finding suggests that tuning the type and content
of each metal in the composite catalyst could be utilized to
realize type-selective growth of V-CNT arrays.

Despite enormous research efforts, the exact relationship
between the catalyst properties and the nanotube structures
and the method for designing catalysts for selective growth of
V-CNTs with specific wall-numbers remain elusive. Bimetallic
catalysts such as CoMo, CoW, FeCu, FeNij, etc. have been
employed for chirality selective growth of horizontal SWNT's
for a long time and have been proven very effective.”*™> The
mechanism for how the catalyst composition and structure
affect the chirality distribution is deeply investigated.””*!
Therefore, it is expected that these understandings could also
benefit the research on the structure-controlled growth of V-
CNTs.

In this work, we used two kinds of Fe/Cu/Al,O; catalyst
systems to achieve selective growth of V-SWNTs and V-
DWNTs, respectively. By tailoring the amount and form of the
Cu introduced into Fe/Al,O; system, we demonstrated that
both areal density and oxidation state of Fe (Fe—Cu) catalyst
can be effectively controlled. Consequently, V-CNTs with
specific wall-number predominantly nucleate and grow on
catalyst NPs with suitable sizes and oxidation states. A growth
model is proposed that considers the facilitated reduction of the
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catalyst as a critical factor, besides the widely known catalyst
size, for the wall-number-controlled synthesis of V-CNTs.

B EXPERIMENTAL SECTION

Catalyst Deposition. First, a thin film of 0.8 nm Fe over 10
nm AL O; was deposited by e-beam evaporation (ULVAC Ei-5)
on n-type Si(100) with 300 nm thick oxide layer; then, a
different amount of CuCl, dispersed in ethanol was used as a
Cu precursor to make the Fe—Cu catalyst used for V-SWNT
growth. The volume of the CuCl, solution was fixed, and the
concentration was varied to adjust the amount of Cu. The Cu
precursor solution was spin-coated onto the surface of Fe/
ALO; at 3000 rpm for 1 min. Cu layer and Ni layer were
deposited by thermal evaporation onto the 0.8 nm Fe/Al,O,
film (ULVAC Ei-S). Quasiatomic layer of Al,O; was deposited
by atomic layer deposition (Savannah 100) from trimethylalu-
minum (TMA) and water. Only one growth cycle was used to
get an ultrathin discontinuous Al,Oj; layer.

V-CNT Growth. The CNT growth was performed in a tube
furnace (Lindberg Blue), equipped with a fused-quartz tube
with an internal diameter of 22 mm. When the furnace
temperature ramped to 750 °C in a mixture of 200 standard
cubic centimeters per minute (sccm) Ar and 125 sccm H,, the
catalyst was thermally annealed under the same atmosphere for
S min. After that, a flow of 30 scem C,H, was added to start the
V-CNT growth. The growth lasted for 15 min and was
terminated by turning off the C,H, flow. The furnace was
subsequently cooled down to room temperature in the
atmosphere of 200 sccm Ar and 40 sccm H,.

TEM Sample Preparation of Fe (Fe—Cu) NPs for TEM
Characterization. The TEM samples were prepared following
a procedure reported elsewhere.”’ A 10 or 50 nm thick ALO,
layer was first deposited onto a NaCl single crystal, followed by
Fe deposition. For Fe/Cu/Al,Oj; catalyst, CuCl, deposition was
performed after the Fe deposition. The so-formed catalyst film
was thermally annealed under 200 sccm Ar and 125 sccm H, at
750 °C for 40 min, and then cooled down to room
temperature. The NaCl crystal with catalyst was then put
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Figure 2. TEM characterization of V-CNTs grown by Fe and Fe—Cu catalyst. TEM images of CNTs grown on (A) Fe/Al,Oj catalyst and (B) Fe/
0.1 mM CuCl,/ALO; catalyst. (C) The histograms of wall-number distribution of the V-CNTs grown from Fe and Fe—Cu catalysts. (D) Diameter
distribution of CNTs grown on Fe and Fe—Cu catalysts. A total 60 CNTs and 65 CNTs were counted for samples grown on Fe and Fe—Cu

catalysts, respectively.

into water to dissolve NaCl, and a copper TEM grid was used

to fish out the Fe/Al,O; or Fe/Cu/AlL O, film.

Characterization. The CNTs were characterized by
scanning electron microscopy (SEM, Hitachi S4800 field
emission, Japan) operating at 1.0 kV and by HRTEM using a
Tecnai F20 operating at 200 kV. HRTEM samples were
prepared by dispersing a section of the CNT forest in ethanol
with sonication for 1 h and then placing one drop of the
suspension onto a 300 mesh Cu grid with holey carbon coated
film. Raman spectroscopy was done with a Horiba HR800
Raman system excited by a 633 nm He—Ne laser with a laser
spot size of ~1 um?”. The catalyst NPs were characterized by
atomic force microscopy (AFM, Veeco NanoScope IIIA, Veeco
Co.) operated in the tapping mode and HRTEM operating at

200 kV.

B RESULTS AND DISCUSSION

Differences in both the morphology of the CNT forest and
properties of the CNTs were brought by introducing Cu into
the Fe/Al,Oj; catalyst system. Vertically aligned, densely packed
arrays of CNTs could be obtained by using both Fe and Fe—Cu
catalysts, as shown in Figure 1, except that the Fe—Cu catalyst
grew slightly shorter arrays. The qualities of the V-CNTs were
primarily examined by resonant Raman spectroscopy. The ratio
between the defect induced D-band and the tangential G-band
Raman modes has been well-accepted as an indicator of the
quality of the CNTs, as well as a reflection for the content of
the SWNTSs.>> The D/G ratio decreased as the amount of Cu
introduced increased, which indicates the better quality of
CNTs grown by Fe—Cu catalysts. Nonetheless, even with a
high concentration of CuCl, solution introduced, the D/G ratio
was still relatively high, which is commonly observed for large-
diameter V-SWNT arrays synthesized by water-assisted CVD."”
The abundance of radial breathing mode (RBM) peaks is an
important indicator of the presence of SWNTSs. As seen from
Figure 1C, weak RBM peaks around 200 cm™ were obtained

from Fe grown sample, while more RBM peaks were detected
when a small amount of Cu was introduced. As the
concentration of CuCl, solution became higher, more RBM
peaks with stronger intensities appeared. Although this
observation means that high percentage of SWNTSs exists in
the Fe/10 mM CuCl, grown samples, the height of the forest
was too short to make a fair comparison with the Fe grown V-
CNTs.

It is worth mentioning that the RBM peaks of SWNT's with
diameter larger than 2 nm are too weak to be detected by
Raman spectroscopy. However, large-diameter SWNTs could
probably exist in our samples, which is easy to determine by
HRTEM. TEM images in Figure 2A,B revealed that V-CNTs
grown on Fe and Fe—Cu catalysts contain a high portion of
SWNTs and the Fe—Cu catalyst had a better wall-number
selectivity. As exemplified by corresponding histograms (Figure
2C), a SWNT content of 93% was obtained for V-CNTs grown
from Fe—Cu catalyst, and a SWNT content of 50% and a
DWNT content of 40% were obtained for V-CNTs grown by
Fe catalyst. Statistics on the diameter (Figure 2D) showed that
most of the tube diameters for both systems are larger than 3
nm, and the mean diameter was 4 and 5 nm for Fe—Cu and Fe
catalysts, respectively. The slightly twisted tube shape of the
SWNTSs was believed to be caused by the sonication during the
TEM sample preparation. In addition, the single graphitic layer
and the large tube diameter together made the rigidity of these
SWNTs lower than that of small-diameter SWNTs, which
could even cause collapse of the tubular structure.*

Thus, two differences have been made by introducing Cu
into the Fe/Al,O; system, which are (i) lowering the height of
the V-CNTs but improving their quality; and (ii) increasing the
portion of SWNTs significantly but inducing little impact on
the diameter distribution. It is reasonable to attribute both
results to the change of catalyst properties by the addition of
Cu. Our first concern is the effect on the catalyst particle size
and its areal density. A research reported by Hata et al. showed
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Figure 3. Effect of introduction of Cu on the surface morphology of annealed metal catalyst films and the growth of V-CNTs. AFM 3D images of
Fe/ALO; (A), Fe/0.1 mM CuCl,/Al,O; (B), and Fe/3 mM CuCl,/AlL,O; (C) catalysts undergoing the annealing but not the growth stage. SEM
images of V-CNTs grown on Fe/AlL, O (D), Fe/0.1 mM CuCl,/AL O, (E), and Fe/3 mM CuCl,/Al,Oj catalyst (F), respectively. Insets in parts D—

F are the corresponding TEM images for the CNTs.

that the mean diameter of the V-CNTs is closely related to the
thickness of the Fe catalyst film."” The reason is that thin metal
films fragmented into smaller catalytic particles, which grow
CNTs with smaller diameter, whereas thick metal films produce
large-diameter CNT's for the same reason. We checked the size
and areal density of the catalyst NPs undergoing only the
annealing process but not the growth section by AFM. These
samples were fast cooled to preserve the size, shape, and
crystalline structure of the catalyst NPs to the utmost.
Three-dimensional plots of the surface morphology of Fe
and Fe—Cu catalysts with different amounts of Cu introduced
are shown in Figure 3A—C. Addition of 0.1 mM CuCl, solution
increased the density of the catalyst without forming larger
particles. As the concentration of the CuCl, solution increased
to 3 mM, the density of the NPs became lower, and the size of
the NPs became obviously bigger than that of pure Fe catalyst
NPs. Surface roughness analysis was performed to give a
quantitative evaluation of the particle size distribution. The
value of the root-mean-square (Rms) roughness Rq for these
three catalysts was 1.17 nm for Rq (Fe), 0.982 nm for Rq (Fe/
0.1 mM Cu), and 1.56 nm for Rq (Fe/3 mM Cu), respectively.
From the definition of Rq, the Rms average of height deviations
taken from the mean data plane, expressed as Rq = [(1/
N)Y'Z2]'2, one can tell that Rq actually reflects the size
difference as well as the average size of the NPs in this system.
This observation indicates that small amount of Cu could
restrain the diffusion of Fe NPs and facilitate the formation of
small catalytic NPs. By contrast, when more Cu was introduced,
the average particle size increased. Meanwhile, smaller sizes of
the NPs means tightly packed layers of catalyst nanoparticles,
which are essential for the V-CNT growth, especially for
SWNTs whose stiffness is generally lower than that of
DWCNTs or FWCNTSs.”*** Apparently the high-density
small-size NPs were more favorable for catalyzing growth of
V-SWNTs. Small Cu NPs prepared from precursor solution
have been proven to be a good catalyst for growing horizontally
aligned SWNTs.*® However, it is speculated that the Cu NPs
formed by this way were not large enough to serve as an

effective catalyst for the growth of V-SWNTSs. Instead, the Cu
species nucleated themselves and occupied certain surface area,
making the density of the active catalyst NPs become lower.
With the “crowding effect” not statistically realized, the direct
interactions between the tubes and the substrate that would
alter or hinder the growth of the nanotubes leading to the low-
efficiency growth of SWNTs in a vertical arran%ement by
corresponding Cu/Fe/Al,O5 catalysts (Figure 3F).”

TEM characterization on the annealed AL,O; supported
catalyst was done to get further information about the detailed
structure of the NPs and influence of Cu on the formation of
the structures. As shown in Figure 4, Fe—Cu catalyst formed
evidently higher density of NPs than Fe catalyst, which
confirms the results obtained by AFM. By looking into the
shape of the NPs, it is found that pure Fe film fragmented into
separate NPs with a round shape, while Fe—Cu catalyst usually
formed small clusters composed of several ultrafine irregular-
shaped NPs. Previous work showed that high areal density of
small-size NPs is essential for preferential growth of
SWNTs.'273% However, at high temperature, NPs are
prohibited from maintaining such a state by two processes.
Small NPs tend to aggregate to form larger ones, and the metal
atoms could diffuse into the underlying support layer.”” These
two processes lead to only low density of large NPs being left in
a situation similar to that of Figure 4A, which is not beneficial
to the growth of small-diameter CNTSs; during the growth,
these processes are believed to be the main reasons for the
termination of the growth.”” This fact indicates that the
introduction of Cu helps to stabilize the ultrasmall NPs, which
is the active catalyst for the SWNT growth. It is worth noticing
that when Cu was introduced, although the NPs had different
sizes and shapes, they can still catalyze the growth of uniform
SWNTs. This result suggests that there must be factors other
than the size and shape of the NPs that determines the special
catalyzing behavior.

The growth efficiency, as well as the composition of CNT
type, has been proven to be related to the redox state of the
catalyst. It has been reported that the most reduced Fe catalyst
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Figure 4. (A, B) TEM characterization results of the Fe and Fe—Cu
catalyst NPs derived from Fe (A) and Fe/0.1 mM CuCl, (B) catalyst
films after annealing under Ar—H, atmosphere at 750 °C for 40 min.
Both catalysts were supported on 50 nm thick Al,O; film. Both scale
bars correspond to 200 nm. (C) Schematics showing how the addition
of Cu affected the size and density and oxidation state of Fe catalyst
NPs. Little black parts within some of the NPs in Fe/AL,O; system
represent the incompletely reduced Fe phase. Schematics are not to
scale.

produced small-diameter CNTs with highest efficiency, while
the least reduced FeO, yielded larger diameter nanotubes with
low yield.*” To examine the effect of redox state on the growth
in our system, we managed to examine the fine structures of the
NPs under HRTEM by reducing the thickness of the Al,O;
layer down to 10 nm. Typical structures of NPs formed by
annealing Fe and Fe—Cu catalyst film were shown in Figure
S1AB. In the Fe—Cu system, NPs composed of only single-
phase Fe,O; (hematite, @-Fe,0;) were often observed, while
the Fe catalyst system contained more NPs composed of a
mixture of Fe,O, and Fe;0,.*' It has been found that, under
the annealing condition, the reduction of Fe,O5 to metallic Fe’
should follow a two-step reaction sequence, which evolves
through Fe;0,.*”* Since Fe,O; is the thermodynamically
stable form of Fe under ambient conditions,* it is possible that
the single-phase Fe,O; in the Fe/Cu system was converted
from completely reduced metallic Fe after the exposure to air.
On the contrary, the observation of the kinetically stable Fe;O,
phase in the Fe system indicates an incomplete reduction where
Fe;0, is still present after the annealing process. A related
study on the supported Fe—Cu catalyst in Fischer—Tropsch
synthesis (FTS) system revealed that the reduction from Fe,O,
to Fe® was made fast and complete with Cu addition, whereas
the Fe;0, phase existed even after being treated in reductive
atmosphere without Cu addition.*” These facts suggested that
by facilitating the formation of catalytically active Fe’ state,
addition of Cu promotes the growth of SWNTs.

On the basis of the observation and analysis above, a model
describing how Cu addition affects the size, density, and the
oxidation state is proposed. In this model, the thin metal film
breaks up into catalytic NPs, and then experienced diftusion
both on the surface and into the supporting layer before
forming a state suitable for catalyzing CNT nucleation and
growth. Without the presence of Cu, Fe film formed low-
density and incomplete reduced NPs. However, the introduc-

tion of a small amount of Cu not only restricts the diffusion of
Fe, but also facilitates the reduction of Fe,O; to Fe’, which is
the most desirable catalyst state for efficient SWNT growth.
To help elucidate the role of Cu, Al,O; and Ni were chosen
as representative metal oxide and metal, and deposited onto the
surface of Fe/Al,O; respectively. As oxide, Al,Oj is supposed to
have a size confinement effect but not promote the reduction
for Fe nanoparticles. Ni is known as another catalytic metal for
CNT growth and is supposed to increase the growth efficiency
of the system. It was found that neither of the two catalysts was
able to produce the SWNT dominant V-CNT array (Figure
S2). This observation confirmed that both the physical
confinement and reduction promotion are essential for the
selective growth, and were provided by Cu simultaneously.
Following the concept of this model, we designed a new
catalyzing system to selectively grow V-DWNTs. It has been
revealed by Chen et al. that the “sweet spot” for V-DWNT
growth is different from that of the V-SWNTs, with the “sweet
spot” for V-DWNT corresponding to large catalyst size.”> The
NPs needed for growing the V-DWNT dominant sample is
supposed to be larger than the ones needed for the SWNT
forest. To obtain larger catalyst particles that are uniformly and
fully reduced, we introduced more Cu by thermal evaporation.
The catalyst with Cu layer deposited was found to be unable to
produce V-CNT arrays until the Cu layer is thicker than 0.8
nm. Using the (0.8 nm Cu)/Fe/Al,O; catalyst, we synthesized
V-CNTs with height of ~30 ym, and a DWNT content of
~85% (Figure 5). It can be easily seen from the AFM images
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Figure 5. V-CNT growth on the 0.8 nm Cu/Fe/Al,O; catalyst. (A).
Statistics on the wall-number distribution of the V-CNTs. Inset is the
SEM image of the V-CNT arrays. Scale bar in insets corresponds to 10
um. (B) Typical TEM images of V-CNTs. A total of ~70 CNTs were
counted for the statistics.

shown in Figure S4A that densely distributed large-size NPs
formed after annealing. Intriguingly, when the thickness of Cu
layer was increased to 1.0 nm, the forest grown was mainly
composed of few-walled CNTs (FWNTs) (Figure S3). These
results indicated that Cu nanoparticles formed from the
deposited Cu layer actually acted as active catalyst for the
CNT growth. However, too much Cu would result in the
formation of large Cu nanoparticles, which are shown here to
be more suitable for FWNT growth. Therefore, we believe that
introduction of Cu indeed helps achieve the most efficient
catalyst reduction process. Moreover, the amount of Cu
introduced is considered important because catalytic efficiency
is related to the size of the NPs.

Bl CONCLUSIONS

We have demonstrated the preferential growth of dense arrays
of vertically aligned SWNTs and DWNTs using the CVD
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method, respectively. It was found that introduction of Cu into
the Fe/Al,O; catalyzing system inhibited diffusion of Fe NPs
and facilitated the full reduction of Fe catalyst, with the former
determining the high-density and small-size NPs, and the latter
one having made the NPs have uniform oxidation state
regardless of their sizes. Subsequently, either V-SWNTSs or V-
DWNTs could be controllably synthesized with high selectivity.
A clear relationship between catalyst property and CNT
structure is considered to be crucial toward the goal of
controlled growth of CNTs via catalyst-engineering strategies.
Further optimization on the fabrication technology of the Fe—
Cu or other bimetallic catalysts, as well as the CVD growth
conditions, is going to promote the growth of V-CNTs with
more controlled structure and properties such as diameter,
electrical property, and even chirality.
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