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ABSTRACT: An unexpected 5000% increase in growth
efficiency and high (95%) single-wall selectivity synthesis
of vertically aligned carbon nanotubes (CNTs) was shown
from Fe catalysts supported on a sputtered MgO
underlayer from a simple underlayer treatment, ie.,
annealing treatment. In this way, millimeter-scale single-
wall carbon nanotube “forests” could be synthesized in a
10 min time, which has never been previously reported for
MgO catalyst underlayer or any underlayer besides Al,O;.
This level of efficiency and characterized SWCNT
properties were similar to those grown using Al O,
underlayers. Spectroscopic and microscopic analyses
revealed that the treatment improved stability of the
catalyst nanoparticle array by the suppressing catalyst
subsurface diffusion and retaining the metallic state of the
surface Fe atoms. Taken together, these results reveal a
new route in achieving highly efficient SWCNT synthesis.

S ynthesis of single-wall carbon nanotubes (SWCNTs)
remains a vital research topic in the effort to elucidate and
utilize their properties since their discovery in 1993."* Over the
subsequent 23 years, the synthesis of SWCNTs has seen great
advancement in efficiency spanning laser ablation, arc discharge,
and chemical vapor deposition (CVD) methods.”™> Increased
synthesis efficiency affords longer and cleaner SWCNTSs, which
have proven to be advantageous for numerous applications
spanning composite materials,’ energy devices,”® and sensors.”
One of the most common methods to synthesize long SWCNT's
is to grow them by CVD from catalyst nanoparticles supported on
a substrate whereupon the SWCNTSs self-assemble into a
vertically aligned array, which is commonly referred to as a
“forest”, “carpet”, or “array”.m_ '3 In addition to length, SWCNT's
in these forests have shown to possess high purity and high
specific surface area. Interestingly, despite the many advance-
ments in synthesis, all reports of efficient (i.e., millimeter-scale)
SWCNT synthesis require an Al,O; catalyst underlayer'*~** as
the interaction between the catalyst and the underlayer is critical
in supporting the formation of an array of small (c.a. ~ 2—3 nm)
and high density (~15 nm spacing) nanoparticles, which is stable
throughout the CVD process.”> >

Reports on the use of other underlayer species, e.g., SiO,,
MgO, ZrO,, or TiN, have shown difficulty in achieving high yield
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(e.g, >100 ym) of SWCNT forest."”*°™3% These difficulties
originate from the inability of the underlayer to maintain the
catalyst nanoparticle size and number density.””** For example,
several groups have reported the use of single-crystal MgO as the
catalyst underlayer material and have demonstrated the growth of
tall (~2 mm), few-walled CNT forests; however, the synthesis of
SWCNTs has been limited to sub-100 zm.**** In addition, the
synthesis of SWCNT forests using a sputtered MgO or SiO,
underlayer has shown difficulties in surpassing a forest height of
tens of micrometers.'””® Furthermore, reports of synthesis of
CNT forests using catalysts deposited on conductive supports,
such as TiN, TiSiN, AlSi, and CoSi, have been limited to few-
walled CNTs.**7*° Amama et al. reported the difficulty to
synthesize CNTs, in general, from an Fe catalyst on deposited
MgO, ZrO,, and TiN underlayers due to faster rates of subsurface
diffusion and increase in the nanoparticle size.”” These examples
exemplify the crucial role of the underlayer in supporting a stable
catalyst nanoparticle array for efficient, i.e., millimeter-scale,
SWCNT synthesis. Therefore, expanding our ability to efficiently
synthesize SWCNTs with other underlayers is of scientific
interest as it further advances our understanding of CNT
synthesis on supported catalysts.

In this Communication, we report the unexpected efficient
synthesis of millimeter-scale SWCNT forests from Fe catalyst
supported on a sputtered MgO underlayer by a simple treatment
process, consisting of an ambient annealing treatment to the
MgO underlayer prior to the Fe catalyst deposition. In this way,
the sputtered MgO underlayer supported the formation of a
stable catalyst nanoparticle array suitable for highly efficient (1.2
mm within 10 min growth time) and highly selective (~95%)
SWCNT forest synthesis. Furthermore, the level of growth
efficiency as characterized by the in situ growth kinetics was on
par with those grown on AL, O;. Through spectroscopic and
microscopic analyses, we interpret that the underlayer treatment
increased crystallinity, that suppressed Fe subsurface diffusion
and retained the Fe metallic state, which were essential for the
improved nanoparticle stability and growth efliciency. These
findings are surprising and suggest that highly efficient synthesis
of SWCNTs can be expanded to various catalyst underlayers
lacking sufficient crystallinity and advance our grasp of the
deactivation mechanisms currently limiting SWCNT synthesis.
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Catalyst MgO underlayers (110 nm) were prepared by
magnetron sputtering on Si wafers with a 500 nm thermally
grown oxide layer, followed by annealing treatment at 750 °C for
20 min in an air ambient. Then, Fe film (1.8 nm) was deposited
onto the underlayer. For comparison, standard Al,0;/Fe (40
nm/1.8 nm) underlayer/catalyst were also prepared by
sequential sputtering.

Nanoparticle formation was performed by introducing the
substrate into preheated, 1 in. furnace (650 °C for MgO, 750 °C
for Al,0,) and annealed for 6 min in H,:He = 9:1 at ambient
pressure to convert the Fe film into catalyst nanoparticles. Then,
SWCNT forests were s?fnthesized by water-assisted chemical
vapor deposition process ' with a C,H, (0.4%) carbon feedstock,
a H,0 (~200 ppm) growth enhancer, and He carrier gas (total
flow of 1000 sccm at ambient pressure) at 750 °C with a growth
time of 10 min.

To begin, we demonstrate the efficient synthesis of CNT's from
a Fe catalyst on a sputtered MgO underlayer by applying a
treatment to the MgO underlayer (Figure 1). To highlight the
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Figure 1. SEM images of the CNT forests grown using a (a) treated
MgO, (b) untreated MgO, and (c) Al,O; underlayer (insets: schematics
for each process). (d) Growth kinetics curves of CNT forests grown
using the treated MgO (red), untreated MgO (blue), and Al,O4
underlayers (black) (e) Raman spectra of CNT forests grown using
the treated MgO (red), untreated MgO (blue), and AL, O underlayers
(black). Histograms of the diameter and wall number distributions for
(f) treated MgO, (g) untreated MgO, and (h) Al,O; underlayers (insets:
representative TEM images). SW, DW, and TW represent single wall,
double wall, and triple wall CNTs, respectively.

effect, two separate Fe/MgO catalyst substrates were prepared
with and without the MgO treatment prior to Fe deposition
(denoted: “treated” and “untreated,” respectively). When grown,
the treated underlayer sample exhibited highly eflicient synthesis
of vertically aligned CNT's over one millimeter in a 10 min growth
time (Figure la). These results represent an unexpected and
>5000% enhancement in growth efficiency when compared to
the nonuniform growth of CNTs (~20 ym) using the untreated
case (Figure 1b). Furthermore, the yield achieved the level of that
grown from Fe deposited on an Al,O; underlayer, which is well-
known to grow millimeter-scale SWCNT forests (Figure Ic).
The forest growth kinetics curves (i.e., forest height vs time) for
the three cases (Figure 1d) showed similar behavior: a high
growth rate at the onset of growth followed by an exponential
decrease until termination. However, a significant difference can
be observed in the catalytic growth lifetime. In contrast to the
untreated case which terminated within 1.5 min, synthesis using
the treated MgO substrate exhibited an extended lifetime (>10

min) similar to the case of Al,O;. The SWCNT growth efficiency
using this underlayer of treated sputtered MgO ranks among the
highest reported, which exclusively use an AL,O; underlayer. *~**

Significantly, the CNT forest synthesized using a treated
sputtered MgO underlayer was found to possess a 95% SWCNT
selectivity. The CNT forest was characterized by Raman
spectroscopy and transmission electron microscopy (TEM)
(Figure le—h). First, Raman (532 nm) for the treated case
showed typical features of SWCNTs, such as the intensity ratio of
the graphitic-to-disorder bands (G/D ratio) of ~4 and clear radial
breathing mode (RBM) peaks (indicative of SWCNTs) at 129,
162, and 225 cm ™!, which were similar to SWCNTs grown using
ALO; (Figure le). In contrast, the Raman spectrum for the
untreated case showed a decreased G/D ratio (~2) and an
absence of RBM peaks, which is more typical of multiwalled
carbon nanotubes (MWCNTs) (Figure le). Second, TEM
observations for the treated case showed high concentrations of
SWCNTs, similar to that of Al,O;. A histogram of the diameter
and wall number distribution (Figure 1f) showed that the CNTs
for the treated case were 95% SWCNT's with a diameter of 3.5 +
0.95 nm (HRTEM images are shown in the Supporting
Information). Although this average diameter is large and the
distribution is quite wide, these sizes are quite similar to
SWCNTs grown in a forest using an Al,O; underlayer. As shown
in Figure 1h, the SWCNTs grown using Al,O; show >90%
SWCNT selectivity with an average diameter of 2.8 + 0.97 nm.
This large diameter is typical for SWCNT's grown in a forest by
water-assisted CVD and has been found to be a necessary
structural feature to enable highly efficient synthesis.”* In
contrast, the untreated case showed both increased presence of
double-walled CNTs and diameter (ave.: 1.7 walls) and diameter
(3.8 nm) (Figure 1g). Taken together, these results demonstrate
an unexpected and unprecedented enhancement in SWCNT
growth efficiency using a deposited MgO underlayer made
possible by a simple treatment.

SWCNTSs grown from the treated MgO case demonstrated a
similar quality as those grown using an Al,O; underlayer. We
investigated the forest macroscopic properties which are known
to be sensitive to the level of crystalline defects, purity, diameter,
wall number, and alignment. As two metrics, we employed
thermal diffusivity of the forest along the CNT axis and the
electrical conductivity of the forest after densification into an
aligned CNT sheet. Thermal diftusivity was measured by the flash
method using a xenon lamp source (Netzsch, LFA 447
NanoFlash) and was estimated to be 50 mm?/s for the CNT
forest on treated MgO, which was slightly lower than that grown
using ALO; (78 mm?/s) but comgarable with literature values
(50—65 mm?/s) (Figure 2a).”’~* The electrical conductivity
characterization was performed on aligned solid sheets prepared
by liquid-induced collapse of the forests and measured by the
four-probe method (LORESTRA-EP MCP-T360).*° The
electrical conductivity of the SWCNT's grown using the treated
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Figure 2. Graphs comparing the (a) thermal diffusivity and (b) electrical
conductivity, respectively, of CN'Ts grown using the treated MgO (red)
and AL O, (black), as grown in this report and found in the literature.
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MgO (30 S/cm) was found to be comparable with that grown
using ALO; (35 S/cm) as prepared in this study and in the
literature (25—63 S/cm) (Figure 2b).”**”*! The similarity in the
thermal diffusivity and electrical conductivity indicates the
comparable quality of the SWCNTs grown by the treated MgO
case and those grown using AL, O;.

To gain deeper understanding of the increased growth
efficiency and SWCNT selectivity, we performed elemental
depth-profiling analysis of the catalyst/underlayer surface by X-
ray photoelectron spectroscopy (XPS). Depth profiling was
carried out by Ar* etching (2.0 kV) at a rate of 2.2 nm/min
estimated from the required time to remove the entire MgO (110
nm) layer. An ex situ XPS analysis (Quantera SXM X-ray
photoelectron spectrometer (Al 1486.6 eV)) was carried out on
both the treated and untreated samples after S min exposure to
the ambient (He, 750 °C) following nanoparticle formation
(Figure 3a—d). The Fe atomic concentration was estimated from
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Figure 3. XPS depth profiles for the (a) treated and (b) untreated cases.
Individual XPS Fe 2p profiles (gray, raw spectra; black, smoothed spectra
obtained by Savitzky—Golay method) at different depths for the (c)
treated and (d) untreated cases. (e—h) AFM images of the treated and
untreated cases before and after additional S min exposure to the
ambient (Scale bars: S0 nm).

the areas of the Fe 2p; ,, Mg 2p, and O 1s XPS peaks. XPS depth-
profiling revealed that the profiles for both the treated and
untreated cases were characterized by a nonlinear decrease in Fe
concentration with the highest concentration located at the
surface. For the treated case, the surface concentration of Fe was
~8% and following the nonlinear decrease, the Fe concentration

became almost zero at a depth of 7.5—8.5 nm. The untreated case
depth profile exhibited several differences. First, the concen-
tration at the surface was lower (~6%). Second, the nonlinear
decrease in Fe concentration extended far deeper into the
underlayer and detectable a depth beyond 8.5 nm (Figure 3a,b).
In addition, comparison of individual spectra taken at different
depths revealed a significant difference in the surface Fe oxidation
state. Specifically, from the presence of the Fe’ state in the Fe
2ps/, (707 €V) and Fe 2p, ,, (720 eV) peaks of the treated case,
metallic Fe was present near the surface (Figure 3c). In contrast,
Fe’ state was not observed for the untreated case (Figure 3d).
These results clearly show that the underlayer treatment not only
reduces the rate of Fe subsurface diffusion,””** but aids in
retaining the metallic state of the surface Fe.

Topographic analysis of the catalytic surface was performed at
two stages by ex situ AFM immediately following the nano-
particle formation and after an additional 5 min exposure to the
ambient (He, 750 °C) (Bruker Dimension V, FastScan).
Interestingly, for both the treated and untreated cases,
immediately following the nanoparticle formation, the estimated
nanoparticle number densities and sizes were nearly identical at
5.8 x 10" cm ™ and 3—4 nm, respectively, (Figure 3e,f) which is
typical for SWCNT forests.*> However, after an additional 5 min
exposure to the ambient, the treated case showed no significant
change in both nanoparticle number density (5.8 X 10" cm™ to
6.2 X 10" cm™) and size, whereas the untreated case exhibited a
50% decrease in number density (5.8 X 10" cm™ to 3.0 X 10"
cm™?) and slight increase in particle size to ~4 nm (Figure 3gh).
The AFM results are in agreement with the XPS observation that
the treated case was less affected by subsurface diffusion and
further indicate that Fe surface migration'>** does not occur
significantly fast, affording stable nanoparticle number density
and size. Taken together, these results provide clear evidence of
the increased stability of the Fe nanoparticle array density by the
underlayer treatment.

We interpret that the improved catalyst stability results from
increased crystallinity as reported through the sintering of MgO
thin film in an air ambient.** The increased crystallinity reduces
Fe diffusion pathways (e.g, vacancies, grain boundaries, etc.),
present in the as-deposited underlayer, which inhibits Fe
subsurface diffusion to create a stable nanoparticle array as
observed experimentally. While the stability in the nanoparticle
size and density are both essential for SWCNT synthesis
efficiency, our experimental results further indicate that the
electronic state of the Fe catalyst nanoparticles is also essential. In
addition, the absence of metallic Fe in the untreated case suggest
that the nanoparticles observed by AFM are not active catalysts,
and do not contribute to synthesis. This would also explain why
we do not observe a larger change in nanoparticle size after
prolonged exposure to the ambient by topographic analysis using
AFM (Figure 3h). Thus, the existence of surface metallic Fe
indicates the presence of Fe catalyst nanoparticles, and the
underlayer treatment affords the retention of the surface metallic
Fe in the form of a catalyst nanoparticle array resulting in high
efficiency SWCNT synthesis. We postulate that the treatment
can be applied to other underlayer systems possessing insufficient
crystallinity for the CNT synthesis.

In conclusion, we demonstrate the unexpected highly efficient
synthesis of millimeter-scale SWCNT forest from Fe catalysts on
a sputtered MgO underlayer by a simple underlayer treatment.
Elemental and topographic analysis of the surface revealed that
the treatment improved stability of the catalyst nanoparticle array
by inhibiting catalyst subsurface diffusion and retaining the
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metallic state of the surface Fe. Our analyses suggest that these
aspects brought about by the underlayer treatment explain the
5000% improvement in growth efficiency. We postulate that this
approach is not limited to MgO; therefore, these findings provide
a more general understanding of carbon nanotube synthesis for
supported catalysts. We hope that this work invokes further
research on the treatment of the catalyst underlayer as we believe
that this technique has yet to be fully understood and optimized.
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