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We investigated the correlation between growth efficiency and
structural parameters of single-walled carbon nanotube (SWCNT)
forests and report the existence of a SWCNT “sweet spot” in the
CNT diameter and spacing domain for highly efficient synthesis.
Only within this region could SWCNTSs be grown efficiently. Through
the investigation of the growth rates for ~340 CNT forests spanning
diameters from 1.3 to 8.0 nm and average spacing from 5 to 80 nm,
this “sweet spot” was found to exist because highly efficient growth
was constrained by several mechanistic boundaries that either
hindered the formation or reduced the growth rate of SWCNT
forests. Specifically, with increased diameter SWCNTSs transitioned
to multiwalled CNTs (multiwall border), small diameter SWCNTs
could only be grown at low growth rates (low efficiency border),
sparse SWCNTSs lacked the requirements to vertically align (/ateral
growth border), and high density catalysts could not be prepared
(high catalyst density border). As a result, the SWCNTSs synthesized
within this “sweet spot” possessed a unique set of characteristics
vital for the development applications, such as large diameter, long,
aligned, defective, and high specific surface area.

Although classified with a single term, “carbon nanotube” (CNT),
this carbon allotrope can vary significantly in terms of its
structure and characteristics. Apt examples are chirality,
diameter, length, crystallinity, purity, and wall number. Taming
the growth of CNTs is central to control the structure and
characteristics of the CNTs, and despite the significant effort
devoted over the past two decades, it remains a challenging
topic highlighted by the recent report of selective chirality
growth.!
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structures and properties

Guohai Chen, " Robert C. Davis,® Don N. Futaba, " Shunsuke Sakurai,?® Kazufumi Kobashi,®

A unique example of the structural control of CNTs is to
grow them from an array of closely packed catalysts and uti =
the crowding effect to enable them to vertically self-align int~
bulk material, called a “forest”. The CNTs within the forest have
itself proven to possess a unique set of structural properties not
possible by other synthesis methods, e.g. long, aligned, pur :
and possessing high specific surface area (SSA). Therefore, the
CNT forest has opened up many new and important applicatior .,
spanning a wide range of fields, such as field emitters,? touci.
panels,® planar incandescent light sources,* flexible chai_
collectors,® high power and density supercapacitors,®’ geckc
foot-mimetic dry adhesive,® bristles/brush,>° through silico
vias,'! and high current-carrying capacity CNT-Cu composites.!?

Encouraged by the development of new applications whic »
is unique to CNT forests, a significant effort has been carried ou*
to improve their synthesis through chemical vapor depositio
(CVD).813-30 |n particular, a substantial effort has been carrier
out to tune the structures, such as diameter, length, density
alignment etc. to meet the specific demands of applications. For
example, Esconjauregui et al controlled the catalyst densitt 0
tune the single-walled CNT (SWCNT) areal density from 10 to
10%* cm that is important for via interconnect applications.3°
Qu et al developed a method to synthesize a forest with a cur!
entangled top surface and realized a dry adhesive tape with 10-
times stronger adhesive force than a gecko foot.8 By introduciig
Mo into the catalyst, Xiang et al succeeded in controlling th :
SWCNT diameter from 2.5 to 1.2 nm and demonstrated it use
for optical and electronics applications.?* Similarly, cataly: .
fabrication by arc plasma deposition and controlling the catalyst
formation process have demonstrated wide range control c.
the diameter.?’31 By controlling the active catalyst density, Xu
et al controlled both the spacing between the CNTs (from 6 t
65 nm) and the alighment in the forest from 0.13 (nearly
random) to 0.85 (nearly perfectly aligned) as evaluated by th
Herman’s Orientation Factor (HOF) and showed that the nor
aligned forest possessed rubber-like temperature invariar
viscoelasticity.?332 These examples demonstrate the potentic '
to synthesize forests of diverse structure which, in turn, prov:-'-
very different physical and chemical properties. Moreover, the
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suggest that the key parameters for structural control are
catalyst size and spacing.

These researches show that SWCNT forests are
advantageous for many applications; however, to develop them
into real commercial products, the industrial scale mass
production of SWCNT forests is of paramount importance.
There has been significant effort to develop synthetic
approaches for mass production of CNT forests. For example, de
Villoria et al has developed a continuous CVD furnace with a
conveyance to grow multiwalled CNT (MWCNT) forests.??> Wei
et al has demonstrated a pilot plant fluidized-bed reactor to
grow agglomerated and vertically aligned CNTs.33 Furthermore,
a commercial ton-scale factory is currently under construction
for the continuous synthesis of SWCNT forests where substrates
are fed into a furnace by belt conveyer.3* In such system, the
growth vyield (CNT weight per substrate area), Y, could be
estimated as Y = WXLxXDxR, where W and L are the width and
length of the furnace, D is the density of the forest, and R is the
growth rate. The growth temperature is about 800 °C, which
imposes a physical limitation to the length and width of the
furnace. The density of the forest can be increased to some level;
however, as the catalyst is distributed across the substrate, the
gas diffusion becomes difficult, which reduces forests height,
and thus limits the production rate. From these limitations, a
fast (highly
indispensable to realize mass production. However, at this stage,

growth rate efficient growth) becomes
it is not understood if the synthesis of various forests with
different structures as described above is possible while
maintaining highly efficient growth. This is because the
correlation between the growth rate (growth vyield) and
structural parameters, such as diameter, density, alignment,
crystallinity, etc. is unknown.

In this work, we address this important issue by studying the
growth rate (growth vyield) for ~¥340 CNT forests synthesized
across a wide range of structural parameters. Through this work,
we discovered a region within the phase space of CNT diameter
and catalyst spacing, i.e. “sweet spot”, within which the highly
efficient growth of SWCNT forests was confined. We revealed
that the highly efficient SWCNT forest sweet spot exists because
it is constrained by several mechanistic boundaries that either
hinders the formation or reduces the growth rate of SWCNT
forests. Specifically, large SWCNTs transitioned to MWCNTs
(multiwall border) while small SWCNTs could only be grown
with low growth rates (low efficiency border). Moreover, sparse
SWCNTs lost their ability to vertically align (lateral growth
border) and for dense SWCNTSs, we were unable to achieve such
high catalyst density without experiencing aggregation (high
catalyst density border). As a result of this restriction in the CNT
diameter and spacing, the synthesized SWCNTs possessed a
unique set of characteristics, such as large, long, aligned,
defective, and high SSA. These characteristics were crucial to
develop applications and were the key to the commercialization
of SWCNT forests.

The synthesis of an extensive family of CNT forests
encompassing a wide range of structural parameters was
central to this work as displayed in Figures 1 and 2. Our
approach to prepare this family was based on water-assisted
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CVD carried out on various Fe catalyst systems that have
different catalyst size (1.3 to 8.0 nm) and spacing (5 to 80 nm).
Water-assisted CVD is known to represent one of the high:
growth efficiency methods with very fast growth rate and hig!
growth yields and is also suited to grow SWCNT forests.*? |:
addition, a commercial factory under construction employs *hi-
method.3* Therefore, we think that this method is appropriat
to study the correlation between growth efficiency ana
structural parameters of the SWCNT forest. For our growt i
conditions, we chose a general procedure adaptable to most
catalyst conditions and could provide the highest growth yielc .
Specifically, either ethylene or acetylene was used as a carbon
source, and water was used as a growth enhancer at a typical
growth temperature of ~750 °C. The detailed recipe is describeu
in the super-growth CVD manual and available online.3> W .
wish to note that optimization of the synthesis process we
limited to carbon concentration, water content, and growt’
temperature. We accumulated data from ~340 different CN °
forests synthesized by various Fe catalysts. The methods
employed to deposit the catalysts were: arc plasma Fe/Fe-allov
nanoparticle deposition, sputtered Fe thin films of differ
thicknesses, sputtered aluminium-capped Fe catalysts, and
FeCl; nanoparticles deposited by wet chemistry. In addition, ..
treated these catalysts by reactive ion etching (RIE), oxidatio
at different temperatures and ambients, and finally reduced thr
catalyst systems at different temperatures, times, and flo\ -
rates.26:27,31,3236-38 |n this way, we succeeded in modulating th
catalyst size and spacing spanning across an unprecedented
wide range from 1.3 to 8.0 nm and 5 to 80 nm, respectively, an !
as a result encompassing all the major reported varieties of CNT
forests, including tall and short vertically-aligned SWCNT fores' s,
2~3 walled CNT forests, MWCNT forests, non-aligned CNT
forests, and lateral SWCNT agglomerates as displaye |
schematically in Figures 1c-1h.

The heights of each member of this large family of ~340 CN\ ~
forests were plotted as a function of the catalyst size and
catalyst spacing to generate two-dimensional maps (Figures ~ ..
and 2). One map shows the full-range spanning from SWCNT tu
MWCNT forests (Figure 1a) while the second map focuses on
the SWCNT zone (Figure 2). In the full-range map (Figure 1a}
the different CNT wall numbers, as determined by >4
transmission electron microscopy (TEM) observations for e
of the catalyst conditions, were represented by colours, i.e. rec
SWCNTs, blue: double- or triple-walled CNTs (2~¥3WCNTs), an '
green: MWCNTs. Six CNT forests and their catalyst
representing the MW-, 2~3W-, and SWCNT zones (non-aligne.
CNT forests, lateral SWCNT agglomerates, tall and shor
vertically-aligned SWCNT forests) are displayed by the scannin_-
electron microscopy (SEM) and atomic force microscopy (AFM*
images, respectively (Figures 1c-1h). The CNTs grown in thes
six zones were also analysed by TEM to estimate their diameter
ranges. The size distributions for the CNTs and catalysts showe.!
good agreement with the exception of the MWCNT zone (Figure
1c). In the SWCNT zone map, the colours represent the differer t
growth efficiencies as defined by the height of the verticallv
aligned forests synthesized in a 10 minute growth time (e.a
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Figure 1. (a) Full-range map showing the multiple borders for forest height as a function of catalyst (CNT) size and spacing. The colours represent the wall number selectivity
and the gray rectangle indicates the SWCNT zone. (b) Schematic of the individual regions and (c)-(h) Characterization of representative CNTs in each of the regions of (a): SEM,
AFM, TEM images, catalyst size distributions (upper) and CNT diameter histograms (lower). Scale bars: 200 um for SEM; 100 nm for AFM; 10 nm for TEM.

yellow: <100 um, orange: 200-300 pm, and pink: >400 pm)
(Figure 2).

There are several important points highlighted by these
maps. First, all the results from the different catalyst methods
merged together to form a smooth and continuous landscape
without exhibiting significant discontinuities at the boundaries
between preparation methods. This is direct evidence that the
catalyst diameter and spacing are two critical parameters that
determine the structure of the CNT forest, and the method by
which they are prepared is irrelevant. For the alumina/Fe
catalyst, it has been proposed that the Ostwald ripening and
subsurface diffusion are balanced to create an equilibrium
catalyst particle size.3® We interpret that, in such case, the
difference in the preparation method might not be a vital factor
in determining the diameter and spacing of catalysts.

Second, as evidenced in the SWCNT zone map, highly
efficient growth of SWCNT forests occurred exclusively within a
distinct region of catalyst size and spacing (Figure 2). Herein
represents the main finding of this report. Every catalyst system
(size and spacing) within this region demonstrated the ability to
growth efficiently. For this work, we defined “highly efficient
growth” as the condition when the forest height exceeded ~400

This journal is © The Royal Society of Chemistry 20xx

um in a 10 min growth time. Guide lines are added to the figures
to guide the eyes based on experimental data. Therefore, wit" ..\
this work, efficiency is respect to time. The 400 um in 10 minute
growth time was chosen from a practical aspect such that it
represents a sustained growth rate/catalyst activity of at leas
40 pum/min. In addition, without exception, every catalys.
condition outside this region did not demonstrate the abilit, __
grow efficiently even after optimization. Therefore, by thes

criteria, we define this region as the “sweet spot” for highi,
efficient SWCNT forest synthesis. The sweet spot was centere .
at the catalyst size of ~3 nm and catalyst spacing of ~17 nm anc.
this is exactly the condition where we first reported super

growth SWCNT forest to grow millimeter-scale forests in 1.
min.’33% The sweet spot was confined to a narrow regio

encompassing a range of catalyst size from ~2.4-~3.6 nm an.
catalyst spacing from ~8-~35 nm.

Third, we found that this confinement of the sweet spot wa
due to multiple boundaries reflecting different mechanisms
that either hindered the formation or reduced the growth rat »
of SWCNT forests. Above a ~3.6 nm catalyst size (multiwall
border), we observed the formation of DWCNTs and MWCNTs=
and below ~2.4 nm catalyst size threshold, small SWCNTs cc.....

Nanoscale, 2015, 00, 1-3 | 3
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Figure 2. A map of the SWCNT growth region highlighting the region of high efficient growth, “sweet spot” (green area). Colours indicate levels of growth efficiency.

only be grown at low growth rates (low efficiency border).
Furthermore, above ~35 nm catalyst spacing, the sparse
SWCNTs lost their ability to vertically align (/ateral growth
border), and we could not achieve catalyst spacing below ~5 nm
due to catalyst aggregation (high catalyst density border).

To understand what made the sweet spot so special, we
performed an extensive investigation of the three borders
surrounding the sweet spot. To this end, we prepared cross-
sectional plots, as displayed as arrowed lines (indicated by
colours and numbers) in the full range map, traversing the
sweet spot, across the borders, and through the neighboring
zones (Figure 3a). First, the low efficiency border was examined
by a plot of the forest height as a function of diameter in the
spacing range of 12-15 nm (Figure 3b). We found that the forest
height dramatically decreased beyond the threshold catalyst
size of ~¥2.4 nm. In addition, we created a similar plot using data
taken from ~14 published reports,13-17:2527.2840-45  gn(g
interestingly found a very similar trend showing that millimeter-
scale SWCNT forests were solely grown with at a SWCNT
diameter of ~¥3 nm and never from smaller diameter catalysts
(Figure 3c). The similarity between our results and the literature
shows the generality of phenomenon causing the border
emphasizing the difficulty in achieving highly efficient growth
with small diameter regardless of the CVD techniques. To clarify,
the height of the forest results from a combination of the
individual CNT growth rate and the forest alignment. Therefore,
either a decrease in the growth rate of an individual SWCNT or
a decrease in the ability for the assembly to grow vertically
would result in a reduction in the forest height. We believe that
both factors contribute to explain the existence of this border.
Recent reports have shown that the rate at which carbon atoms

4 |Nanoscale, 2015, 00, 1-3

can be converted to CNTs was fixed for each atom in the catalyst
particle, and in such case the growth rate of SWCNT fores. ,
would be roughly proportional to the square of CN
diameter.?831 Therefore, a decrease in diameter would lead t
a proportionate decrease in growth rate. In addition, th-
required forest density, i.e. inverse of inter-tube spacing,
increases nonlinearly with decrease in the diameter.3! Thusl,
as the diameter decreases for a fixed catalyst spacing, th.
growth rate of the forest decreases resulting in a shorter fores .
because of the decreased growth rate of the individual SWCNT.
and the decreased ability of the aggregate to growth verticallv
Hence, the growth efficiency reduces. Along the low efficie.
border, as the catalyst spacing decreases and the catalyst size is
fixed, a slight increase in forest height is observed, which is
consistent with the increased ability to grow verticall .
Unfortunately, the contributions of other mechanisms become
significant, such as catalyst ripening and gas diffusion, which
results in either the increase of SWCNT diameters (close to ~
nm), or the decrease of the forest growth rate.

Second, the lateral growth border was examined by tw)
plots: the level of alignment (as defined as HOF) and forest
height as a function of spacing for CNT diameter of 3 (SWCN" )
and 4 (DWCNT) nm. At small spacings (<~15 nm), both SWCN1
and DWCNT forests possessed similar levels of alignmen’,
(~0.6-~0.8), but as the catalyst spacing increased, the SWCN
forests decreased in alignment more quickly than DWCN
forests (Figure 3d). For example, SWCNT forests lost alignmer..
(defined by HOF <~0.2) at a catalyst (CNT) spacing of ~38 nr .
while DWCNT forests lost alignment at ~65 nm. The differencc
between SWCNTs and DWCNTs became more evident in ..._
plot of the forest height (Figure 3e). The SWCNT forest heis’ .

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (a) The locations for cross-sectional plots of every structure (forest height, alignment, Raman G/D ratio, and SSA) as indicated by arrowed lines with colours and circled
numbers. (b) Forest height as a function of CNT diameter at CNT spacing of 12-15 nm. (c) Literature survey shows tall forests are solely grown with a SWCNT diameter of 7~

nm. (d) Alignment level (HOF) and (e) forest height as a function of catalyst (CNT) spacing for CNT diameter of 3 and 4 nm. Inset: schematics for different levels of alignment.

dropped dramatically with increased catalyst (CNT) spacing and
at ~38 nm transitioned into lateral growth. As a result the range
within which the SWCNT forests can be grown was very limited
(~8-~35 nm). In contrast, for DWCNTs, the forest height
remained high (~1000 um) and relatively constant meaning that
the range within which the DWCNT forests can be grown
efficiently was much wider. It has been proposed that the
“crowding effect” of CNTs is the mechanism of vertical
alignment and that the flexural modulus (stiffness) of the CNT is
an important physical parameter that governs the level of
spacing that CNTs can self-assemble to align vertically.32 The
trends observed in our experimental match very well with this
model because DWCNTSs possess a higher flexural modulus than
SWCNTSs.

As demonstrated, the highly efficient growth region, “sweet
spot” is limited to a zone only possessing the appropriate
combination of CNT diameter and catalyst spacing. The
requirements for highly efficient growth impart a unique set of
structures and properties on the grown SWCNTSs. In the sweet
spot, a catalyst of ~¥3 nm is spaced by ~15 nm and withstands
the growth temperature for ~10 min. This requires the catalyst
to be bound to the surface very strongly as otherwise they will
diffuse and aggregate. This has been evidenced by an x-ray
photoelectron spectroscopy report that showed a strong
interaction between the Fe catalyst and the Al,O3 support.*® As
a result of this strong binding, when the SWCNT forest is
removed from the substrate, most of the catalyst remains on
the substrate and the resultant as-grown material possesses an
extremely high carbon purity (up to 99.98%).%3

However, highly efficient growth does have a drawback
since it is not possible to grow large diameter SWCNTs (~3 nm)
at high speed without introducing many defects. This point is

This journal is © The Royal Society of Chemistry 20xx

illustrated by a plot showing the level of crystallinity, a.
represented by the ratio of Raman Graphitic-band to Disorc -
band intensity (G/D ratio) calculated from the Raman spectra
and the height (growth rate) versus the CNT diameter (Figure.
4a, 4b). The plot starts from the low efficiency zone with small
diameter (~2 nm), continues through the sweet spot with large -
diameter (~3 nm), and extends through the multiwall zone (~8
nm), as illustrated in Figure 3a. The crystallinity and heig}t *
(growth rate) showed an opposite trend, e.g., when diameter
was small (~2 nm), the G/D ratio was estimated to be as high ¢ -
~70, although it decreased to ~10 within the sweet spot.
Computer simulations have shown that when carl ..
precipitates from the catalyst they form a very defective
structure which “heals” into a CNT.#’ The crystallinity of the
CNTs is determined by the balance between the precipitatio:
process and the healing process. The speed of the precipitatio:.
process is the growth rate. Therefore, fast growth will inevite - .,
lead to a defective CNT.

The combination of being large and defective .
advantageous in terms of accessible surface area. This point 7,
demonstrated by a plot of the Brunauer-Emmett-Teller SS+.
versus CNT diameter as calculated from the liquid nitroge .
adsorption-desorption isotherms (Figure 4c) spanning from thc
low efficiency zone (~2 nm), through the sweet spot (~3 nm’
and into the multiwall zone (~8 nm), as illustrated in Figure 3z
The SSA exceeded 1000 m?/g for the SWCNTs (~2 and 3 nm?
which is much larger than 600 m?/g of small diameter (~1 nm'
SWCNTs (i.e. purified HiPco) and approaches the theoretica!
value for the SSA for one side of a graphene sheet (Figure 4d). 3
As the wall number increased, the SSA rapidly decreased =<
expected.36484% As shown in the schematic (Figure 4e) an”
evidenced in the TEM images, the defective and large SWC....

Nanoscale, 2015, 00, 1-3 | 5
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Unique set of characteristics of SWCNT forests highly efficiently grown from the sweet spot.

(~2-3 nm) are wavy and possess many pores between them to
allow nitrogen access to these interstitial areas of the CNT
bundles while, in contrast, a bundle of small diameter (~1 nm)
SWCNTSs does not have sufficient spacing between CNTs for the
nitrogen to diffuse within the bundle.

Stemming from fundamental mechanisms, highly efficient
growth from the sweet spot results in SWCNTs that possess a
unique set of characteristics as being large size, very long, highly
pure, defective, aligned, and possessing very high SSA (Figure
4f). As evidenced in the specification table, the SWCNTs grown
from the sweet spot show the highest purity, highest SSA,
longest length among commercial SWCNTs and MWCNTSs (Table
1). These outstanding characteristics were found to be essential
to develop applications showing a significant improvement in
performance when compared with other CNTs. These specific
applications were the key to the commercialization of SWCNTs
grown from the sweet spot. It is worth noting that applications

6 |Nanoscale, 2015, 00, 1-3

of CNTs would inevitably introduce a number of additione’
factors which contribute to the application performance, s

as processing, dispersion, filtration, composite material mixing
etc. However, the property aspects of the CNT growth ar

important for nearly every application, such as the length, th

accessible SSA, the purity. For example, the long length high SS,

which results from the high single wall selectivity and hig*
purity, were advantageous to fabricate highly conductive an '
mechanically robust CNT-rubber composites because thr
SWCNTs could easily deform in concert with the rubber matr.
with minimum stress concentration.>® The high purity shower
to be of great benefit to introduce the SWCNTs into the stric*
clean room environments necessary for semiconductor
processing and to develop devices, such as CNT non-volati 2
memory.! The combination of the SSA and purity was crucial to
develop a CNT supercapacitor.”>?>* The high surface area was

This journal is © The Royal Society of Chemistry 20xx




Page 7 of 10

Nanoscale
Table 1. Specification sheet of commercialized CNTs.
CNT Make Grade Carbon Diameter Length Bulk SSA G/D  Combustion
purity (nm) (1m) density (m?/g) ratio temperature
(%) (g/cm®) (°Q)
MWCNT Showa Denko (Japan) VGCF >90 50-150 10-20 0.04 13
VGCF-X 10-15 3 0.08
CNT Co., LTD (Korea) C100 >95 20 1-25 0.03-0.05  150-250 544
Nanocyl (Belgium) NC7000 90 9.5 1.5 0.043 250-300
Bayer MaterialScience Baytube C150P >95 13-16 1->10
(Germany)
Ad-Nano Technologies (India) ADCNT >95 12 ~20 50-220
CNano Technology (USA) FloTube 9000 >95 11 10 0.03-0.15 >=200
Hodogaya Chemical (Japan) XNRI >99.5 40- 90 0.005-0.01  125-300 736
XinNano Materials (Taiwan) XNM-HP-15000 82% 8 >10 323 3.2
AVANSA Technology & Services MWCNTs >97 10-20 10-30 0.22 >200
(India)
SWCNT AIST (Japan) SG-CNT 99.9 3 >300 0.037 >800 7-10 618
AIST (Japan) e-DIPS >95 0.7-2 0.03-0.04 400-1000 >100
Unidym (USA) HiPco pure >85 0.8-1.2 0.1-1.0 ~400-1000 ~470-490
SouthWest Nanotechnoliges (USA) CG200 90 1.3 0.4-2.3 0.091 >10 465
(CoMoCAT)
CG300 95 0.84 0.128 770 >20 515
SG65i 95 0.78 1.5 0.094 790 519
Meijo Nano Carbon (Japan) SWNT SO >90 1.4 1-5 >100
Thomas Swan (UK) Elicarb SWNT >90 2 1 >700 >22
Sun Innovation (USA) SWNT powder 95 1-2 5-30 0.03 405
XP Nano Material (China) HS-WCNTS-90 >90 <2 5-30 0.14 380 >20 610
Chengdu Alpha Nano Technology GYS001 >80 1-2 5-20 >400
(China)
OCSIiAl (Russia) TUBALL >85 1.8 >5 ~500 ~75 750

All the data were collected from the homepage of each provider.

important for high energy density, and the purity was vital to
achieve high operational voltage of 4 V and long cycle lifetime.>?

The ability to control the catalyst size and spacing over a
wide range was critical to enable to carry out this systematic
investigation and reveal this sweet spot. As no single catalyst
preparation method could cover this entire range, we used
nearly every reported method to tune the Fe/Fe-alloy catalyst
size and spacing. In general, the approaches to tune the catalyst
size and spacing can be categorized into two general methods:
1) What and how the catalyst is deposited and 2) how the
catalyst is treated prior to growth. The methods we employed
to deposit the catalysts were: arc plasma Fe/Fe-alloy
nanoparticle deposition, sputtered Fe thin films of different
thicknesses, sputtered aluminium-capped Fe catalysts, and
FeCls nanoparticles deposited by wet chemistry.26:27,36-38
Treatment of the catalyst prior to synthesis included exposure
to RIE, oxidation at different temperatures and ambients, and
finally reduction at different temperatures, times, and flow
rates.31:32

In order to visualize the control range of each method, we
constructed a “World map of catalyst preparation methods”, by
plotting the control ranges of every preparation method in
terms of catalyst size versus spacing in different colours (Figure
5). From this world map several important points can be seen.
First, the method which spanned the widest range was
controlling the thickness of the catalyst film, that is, the amount

This journal is © The Royal Society of Chemistry 20xx

of catalyst.3%37 However, the limitation of this method was the
strong correlation between the catalyst size and spacir
because upon conversion from film to nanoparticles, large
particles were separated with large spacing and small particle ;
were separated by small spacing, making it impossible to
independently tune the size and spacing.3%3” As a result, t+-

majority of the points fell along a line where the catalyst spacing
increased with diameter, and we found it difficult to access the
large catalyst spacing zone and the small catalyst size zone
Therefore, to access the small catalyst size zone, we employe '
different deposition methods, such as arc plasma depositio= 27
that could directly deposit small catalysts on the substrate, an”
aluminium capping,?® that limited the diffusion of Fe thu-
providing smaller catalysts. Moreover, in order to access th~
larger catalyst spacing zone, we used special growt

pretreatments, such as RIE exposure and extension of the pre
growth annealing time to reduce the number of active catalysi -
by either removal or deactivation.3%32 To achieve very smal’
catalysts with large spacing we used wet chemistry to direct. *
synthesize small particles on the substrate.3® The detailed
experimental processes for each catalyst preparation metho |
and CNT synthesis process can be found in Electronic
Supplementary Information (ESI). Here, each of the catalys ;
were deposited onto an alumina support layer, since it has been
difficult to grow forests on different supports.*®>> It would be

Nanoscale, 2015, 00, 1-3 | 7
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interesting to see different maps made from different support
layers.

Finally, we do recognize that the synthesis of CNTs
encompasses numerous factors including, but not limited to
machine design, carbon sources, carrier gas species, catalyst,
and catalyst preparation method, etc., and in this work,
optimization of the synthetic conditions was limited to carbon
level, water level, and temperature. While we do expect that
further optimization of the synthesis including those factors
listed above could result in variations to our data, the existence
of a sweet spot will not change significantly due to fundamental
limitations on the catalyst and nanotubes to form a forest
structure. We hope our work invokes future research in these
directions.

Conclusions

We investigated the correlation between growth efficiency and
structural parameters of SWCNT forests by examining the
growth efficiency for ~340 CNT forests. This large set of CNT
forests spanned an unprecedented wide diameter (1.3 to 8.0
nm) and catalyst spacing (5 to 80 nm) range, and as a result
encompassed all the major reported varieties of CNT forests,
including tall and short vertically-aligned SWCNT forests, 2~3
walled CNT forests, MWCNT forests, non-aligned CNT forests,
and lateral SWCNT agglomerates. From this investigation, we
revealed the existence of a SWCNT “sweet spot” in the catalyst
(CNT) diameter and spacing domain for highly efficient
synthesis. This “sweet spot” was confined by four mechanistic
boundaries that either hindered the formation or reduced the
growth rate of SWCNT forests: 1) the transition to MWCNTSs

8 |Nanoscale, 2015, 00, 1-3

(multiwall border); 2) the drop in growth efficiency (/o'
efficiency border); 3) inability to vertically align (lateral growth
border); and 4) high density catalyst zone (high catalyst densii
border). As a result, only within this “sweet spot” was the highly
efficient growth of SWCNT forests possible and the resultar ¢
SWCNTSs possessed a unique set of characteristics vital for the
development applications, such as large diameter, long, aligne |,
defective, and high SSA.

Experimental

CNT synthesis. CNTs were synthesized by the water-assisted
CVD method at ~750 °C using 1-7.5% C;Hs; as the carbon
feedstock (3-5% C,H, for MWCNTs), water as the growt’.
enhancer, and with He as the carrier gas.

Characterization. The catalyst nanoparticles were characteri.c.
by AFM (BRUKER Dimension FastScan). The CNTs were observe .
by SEM (Hitachi S-4800). The average diameter of SWCNTs werc
evaluated by Fourier transform infrared (FTIR, Nicolet 670(,
spectroscopy by converting the position of S;; absorbance pean
and confirmed by diameter histograms obtained from TEI.
(Hitachi H-9000NA) observation. For CNT forests, the CN.
spacing was calculated from the CNT diameter and the fores
mass density.3® For lateral SWCNT agglomerates, the spacin,
was calculated from AFM images, assuming that the CNT™
diameter and spacing are identical to the catalyst size an‘
spacing, respectively.
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