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ABSTRACT We explored advantages of diverse carbon nanotube forests with tailored structures synthesized

by water-assisted chemical vapor deposition (CVD) growth (supergrowth) from engineered catalysts. By controlling

the catalyst film thickness, we synthesized carbon nanotube (CNT) forests composed from nanotubes with different

size and wall number. With extensive characterizations, many interesting dependencies among CNT forest

structures and their properties, which were unknown previously, were found. For example, multiwalled carbon

nanotubes (MWNTs) showed superior electronic conductivity while single-walled carbon nanotubes (SWNTs)

showed superior thermal diffusivity, and sparse MWNTs achieved lower threshold voltage for field emission than

dense SWNTs. These interesting trends highlight the complexity in designing and choosing the optimum CNT forest

for use in applications.
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hen carbon nanotubes (CNTs)

are efficiently grown by chemi-

cal vapor deposition (CVD) from
catalysts deposited on a substrate, the sub-
sequently grown CNTs align vertically into a
bulk material (“CNT forest”)."~© Possessing
this unique structure, CNT forests are well
established to be advantageous for numer-
ous applications spanning from
supercapacitors’® and sensing applica-
tions® to field-emitters in flat-screen dis-
plays,? thermal interface materials,'° electri-
cal interconnects in nanoscale devices,"’
and superhydrophobic surfaces for self-
cleaning surfaces.'? This assorted utility of
the CNT forest stems from alignment of
nanotubes which preserves much of the
one-dimensional nature of individual CNTs.
As a result, forests exhibit promising elec-
tronic and thermal conductivity, field emis-
sion property, hydrophobicity, high carbon
purity, and high surface area.

To extract the full potential of CNT for-

ests, it is important to tailor these proper-
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ties to meet the demands of the target ap-
plication. Achieving this goal requires the
ability to tailor not only one but several
properties. For example, for supercapacitor
applications, high surface area is required
for high energy density; high purity is
needed for long lifetime, and alignment
and good electronic conductivity are
needed for high power. Tailoring several
properties is not straightforward, since in
many cases, the key properties are interde-
pendent and cannot be controlled indepen-
dently. Tailoring the structure of the forest
is the most promising approach to tailor the
properties. For example, to achieve low
threshold electron field emission, the nano-
tube radius of curvature (tube diameter)
and spacing between nanotubes are criti-
cal to increase the local electric field and
avoid intertube screening effects, respec-
tively. The forest structure includes both the
individual nanotubes and how they are as-
sembled. The individual nanotubes can vary
in diameter, wall number, and length, and
these nanotubes can be assembled with dif-
ferent spacing. As such, the key to unlock
the full potential of CNT forests is to under-
stand how forest properties depend on its
structures.

The structure of the forest depends on
the sample preparation and synthesis con-
ditions. Having a straightforward approach
to control the structure of the forests would
be advantageous, so that it is both repro-
ducible and easily controllable. One power-
ful approach to control the structure of the
forest is to engineer the catalyst through
controlling the thickness of the catalytic
thin metal film.? A thin metal film is widely
used as a standard catalyst for CNT forest
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growth. When this film is annealed, it con-
verts into well-isolated, individual nanoparti-
cles which act as catalysts for nanotube
growth.">'* Empirically it is known that an in-
crease in the Fe film thickness increases the av-
erage catalyst size and the average nanotube
diameter, and this phenomenon has been b
used to selectively synthesize double-walled
carbon nanotube (DWNT) forests.>'>'¢

In this paper, we have synthesized single-
walled carbon nanotube (SWNT), DWNT, and
multi-walled carbon nanotube (MWNT) forests
and have performed an extensive survey of
the structures and properties to explore the
advantages of each type of carbon nanotube d
forests. Specifically, we grew a variety of CNT
forests by water-assisted thermal CVD' (“su-
pergrowth”) from engineered catalysts.> By
controlling the catalyst film thickness, we syn-
thesized CNT forests composed from nano-
tubes with different sizes and wall number?
and characterized their structures and proper-
ties. The main interesting findings were (i) the
inverse relationship between the diameter
(wall number) and intertube spacing of the
nanotubes within a forest; (ii) the intrinsic
higher growth efficiency of SWNT over MWNT
forests; (iii) superior electronic conductivity of
MWNTs over SWNTSs; (iv) a decrease of thermal
diffusivity of MWNT over SWNT forests; (v) a
strong decrease of the specific surface area for MWNTs;
and (vi) lower field-emission threshold voltage for
MWNT forests. These interesting trends highlight the
complexity in designing and choosing the optimum
CNT forest for use in applications.

RESULTS AND DISCUSSION

To have the catalyst film thickness as the only con-
trol parameter, a single growth process was used. We
searched for an optimal combination of catalyst compo-
sition, substrate, and growth conditions to grow the
widest variety of forests with high efficiency with one
growth process. We employed water-assisted thermal
CVD (“supergrowth”) with acetylene as the carbon
source since this approach has the best growth effi-
ciency enabling synthesis of high purity forests with
millimeter scale in 10 min." As summarized (Support-
ing Information Table T1), we investigated the 36 com-
binations of catalyst composition (Ni, Co, and Fe), cata-
lyst thickness (2 and 4 nm), support layer (with and
without Al,Os), and substrate (Ni and Fe metal foils,
and Si). The Fe catalyst with Al,O; support layer showed
the best growth efficiency, followed by Ni catalyst with
Al,0Os support. It is noteworthy that Ni is a commonly
used catalyst for CNT growth in plasma-enhanced CVD;
however, this extensive survey showed that Fe pos-
sesses superior growth efficiency for thermal CVD. For
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the Fe catalyst with Al,Os support, we could grow for-
ests (Figure 1b) of 500—1000 wm in height in a 10 min
growth time with Fe catalyst films with a thickness in
the range of 1.6—5 nm. Beyond the thickness of 5 nm,
reproducibility and growth efficiency dropped
dramatically.

First, we characterized individual nanotubes within
the forests grown from Fe catalyst films with thickness
in the range of 1.6—5 nm. Transmission electron micros-
copy (TEM) images (Figure 1a) showed that nanotubes
became larger as catalyst film thickness increased. Inter-
estingly, the average diameter and wall number in-
creased linearly with film thickness (Figure 1c). The nan-
otubes grown from Fe layers of 1.6, 3, and 5 nm
corresponded to SWNTs, DWNTSs, and small MWNTs, re-
spectively. A histogram of the diameter and wall num-
ber (Figure 1d,e) showed that both distributions broad-
ened with increasing Fe thickness, evidenced by the
2.5/3 times increase in the fwhm, respectively.

Second, we characterized how individual nano-
tubes are assembled and found that forests composed
from small/large nanotubes were dense/sparse. Specifi-
cally, the mass density of CNT forests monotonically de-
creased from 0.026 to 0.01 g/cm?, the calculated nano-
tube spacing increased from 21 to 109 nm, and the
volume occupancy'”'® dropped from 2.7 to 0.8% with
increased catalyst thickness (Figure 2a). Importantly,

Figure 1. Characteristics of CNTs grown from Fe catalytic films of 1.6—5 nm. (a) TEM
images of CNTs. Scale bar, 25 nm. (b) Scanning electron microscope image of a typical
CNT forest. Scale bar, 1 mm. (c) Average diameter and wall-number as a function of Fe
film thickness. (d) A histogram of CNT diameter distribution with Fe film thickness. (e) A
histogram of wall-number distribution with Fe film thickness.
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(~5.2 times) with wall number. We believe that
this difference in growth rate stems directly from
the difference in required carbon per unit length
of a nanotube (i.e., SWNTs intrinsically require
less carbon per unit length; therefore, their
growth rate is higher than that for larger diam-
eter, multishelled tubes.) In contrast to conven-
tional belief, these results demonstrate that
SWNTs grow more efficiently than MWNTs
within the framework of a thin film catalytic
system.

The intertube spacing can be altered by post-
growth processes such as liquid-induced solidifi-
cation while retaining the nanotube diameter.
When liquids are introduced into the forests and
dried, the sparsely assembled nanotubes in the
forests densely pack into a form called a nano-
tube solid."® This nanotube solid facilitates the
measurement of certain physical properties not
easily measured on the sparse CNT forest. Inter-
estingly, the nanotube solid mass densities were
surprisingly similar (ca. 0.47 g/cm?) regardless of
the wall number and initial forest mass densities
(0.026—0.01 g/cm?). With increased wall num-

Figure 2. (a) Structural characteristics of CNT forests as a function of nanotube di-
ameter and Fe film thickness; (b) structural characteristics of CNT solid as a func-
tion of nanotube diameter and Fe film thickness; (c) AFM images of Fe catalyst nano-
particles on Si substrates prior to growth process; (d) growth curves for SWNT,

um

DWNT, and MWNT forests grown from 1.6, 3, and 5 nm, respectively.

these findings mean that the nanotube diameter and
intertube spacing cannot be tailored independently,
which imposes a fundamental restriction to what ex-
tent the structures of forests can be controlled within
the framework of thin film catalytic system. All of these
results are explainable from the nature of individual
catalytic nanoparticle formation from thin catalytic
films. It is well-known that thin/thick catalytic films
break into small/large catalytic nanoparticles that pro-
duce small/large nanotubes. Here, as seen in the AFM
images (Figure 2¢), we additionally found that thin/thick
catalytic films break into high/low density nanoparti-
cles, which generate the inverse relationship between
the diameter (wall number) and intertube spacing of
the nanotubes within a forest.

The growth curves of forests (Figure 2d) were mea-
sured by an in situ telecentric height monitoring sys-
tem. This system is our standard characterization tool
for in situ, real-time height monitoring of nanotube for-
ests which detects the projected shadow of the forest
created from an parallel green light flow which is refo-
cused onto a CCD through a telecentric optical sys-
tem.'? It was revealed that the growth rate decreased
steadily from 125 to 65 wm/min as the wall number in-
creased. This decrease in both the growth rate and den-
sity with wall number means that the growth effi-
ciency (rate of graphitic wall growth) also decreases
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ber, the intertube spacing increased monotoni-
cally while the volume occupancy decreased
steadily (Figure 2b). These results indicate more
disordered nanotube packing as the wall num-
ber increases, which we believe arises from an in-
crease in tube stiffness and broadening in diam-
eter distributions. The structural characterizations are
summarized in Supporting Information Table T2 and
Table T3.

To elucidate the advantages of each forest type, we
investigated a number of properties of the forests span-
ning electronic and thermal conductivity, field emis-
sion, wettability, specific surface area, purity, and crys-
tallinity. To begin, Raman spectroscopy and thermo-
gravimetric analysis (TGA) were implemented to
evaluate the degree of crystallinity and purity. Macro-
Raman (532-nm wavelength) showed a decrease in the
G-band intensity for forests of increased wall number,
and thus the ratio between the G-band and D-band in-
tensity (G/D ratio) decreased (Figure 3a). The radial
breathing mode peaks (RBM), being an indicator of the
existence of SWNTs, were most prominent for forests
grown from thinner films and this is consistent with the
TEM observations. TGA (Figure 3b,c) at ramp rate 2 °C/
min in air showed no measurable residue remaining
above 750 °C, indicating very high carbon purity. The
combustion ranges of the forests were 550—680 °C with
the peak weight reduction at about 640 °C. MWNT for-
ests exhibited this peak at slightly lower temperatures.
This and the Raman data consistently imply that nano-
tube with increased wall number have inferior

crystallinity.2%?
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CNT forests possess a very high specific sur- a
face area because nanotubes are not heavily
bundled allowing efficient gas intercalation.
Brunauer—Emmett—Teller (BET) surface areas®
of the forests (40 mg) were estimated from ni-
trogen adsorption isotherms as 1250 = 50, 750
+ 40, and 360 + 20 m?/g for SWNT, DWNT, and
MWNT forests, respectively (Figure 3d). The -
plot, which is a comparison of the experimental c

ing Information Figure S1) indicates that the
nanotubes are closed and the nanotube inner 2
surfaces were not exposed.?* This result 8
matches (Figure 3e) extremely well with the
theoretical calculation by Peigney et al.,*> where
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they concluded that the predominant factor 1;’35 SWNTs
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property.
Recently, wettability of forests has attracted

0 3 6 9 12 15 18
Nanotube diameter (nm)

much attention because the surfaces of forests
have been reported to show superhydrophobic-
ity.'? Here, we studied water wettability (Figure
3f) on forests by measuring the static contact
angle (CA) and found that the CA increased
from 100° to 120° and to 150° for SWNT, DWNT,

Figure 3. Physical properties of CNT forests grown from different Fe film thickness:
(a) Raman spectra showing tangential mode (left) and radial breath mode (right)
peaks; (b) TGA profile for different CNT samples; (c) TGA plot of the derivative weight
as a function of the temperature; (d) adsorption (filled) and desorption (open) iso-
therms for N, at 77 K; (e) calculated specific surface area (SSA) of CNTs versus their di-
ameter and wall number?® (black lines) and experimentally measured BET-SSA for
various CNT samples; (f) photograph of the static contact angle on SWNT, DWNT, and
MWNT forests.

and MWNT forests, respectively. We believe
that this results from the increased spacing (therefore
roughness) and diameter (lower surface energy) of the
MWNT forest.?® The combination of appropriate spac-
ing and diameter allows for the superhydrophobic sup-
port of a water droplet for the case of MWNTSs. Thus,
MWNT forests are the choice for applications requiring
the self-cleaning property, or so-called “Lotus effect”,”
of superhydrophobic micronanostructured surfaces.
Electronic conductivity is one of the most funda-
mental properties of nanotubes and here was exam-
ined by four-point resistance measurements on a 1 cm
X 1 cm solid sheet made from a forest. Figure 4a shows
that the electrical conductivity increased 2-fold with for-
ests possessing increased wall number where the high-
est electrical conductivity of 125 S/cm (5 nm thick film),
which is comparable to the state-of-the-art mixed-oxide
spinel NiyCo,.105/4 (300 S/cm).?® This trend stems from
the fact that MWNT forests are composed mainly from
metallic few-walled carbon nanotubes while SWNT for-
ests include a large population of semiconductive
single-walled carbon nanotubes. The electronic anisot-
ropy is not as high as expected and requires future work
to clarify. Summarizing, MWNT forests are the choice
for applications requiring high electronic conductivity.

www.acsnano.org

Thermal conductivity is another fundamental prop-
erty of nanotubes, and here the thermal diffusivity was
measured by the laser flash method?® at room temper-
ature on forests with a fixed height (~450 wm) to avoid
any possible influence from height. Briefly, the thermal
diffusivity is the ratio of thermal conductivity to volu-
metric heat capacity and is determined from the time
required for the heat caused by a laser-generated light
pulse to propagate across the sample. In sharp contrast
to the case of electronic conductivity, we found that
the thermal diffusivity values (Figure 4b) of CNT forests
decreased 2-fold with increased wall number. Though
these values are lower than isotropic graphite (1.0 X
10~* m?/s), it is superior to nickel (2 X 107°> m?%/s) and
sapphire (1.6 X 107° m?%/s). Unlike electronic conductiv-
ity where the semiconductive/metallic nature of the
nanotube is important, thermal conductivity does not
rely upon electron transport as heat is transferred pre-
dominantly by phonons in this temperature regime.>®
In general, phonon transport is more sensitive to de-
fects than electron transport, and thus we interpret that
inferior crystallinity of MWNTSs causes this trend. These
data thus conclude, in contrast to electronic conductiv-
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fects, that reduce the local electric field, are more
dominant than the diameter on the resulting
threshold voltage. Three-dimensional spatial
mappings of the electron emission current were
generated from the lateral spatial mapping (x—y
axis) with a resolution of 10 wm and emission cur-
rent at the range of 0.00—1.00 mA/cm? (z-axis)
(Figure 4d) showing excellent homogeneity for
all forests, which is important for display applica-
tions. The regular patterns observed in the emis-
sion mappings follow exactly the patterned CNT
growth from masking. The field enhancement fac-
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Figure 4. (a) Electrical conductivity of CNT solid sheets both parallel (black) and per-
pendicular (red) to alignment direction; (b) thermal diffusivity of CNT forests as a
function of Fe film thickness; (c) emission current density as a function of applied
electrical field for different CNT forests; (d) spatial mapping of the emission current
at the range of 0.00—1.00 mA/cm? from different forests.

ity, SWNT forests are the choice for applications requir-
ing high thermal diffusivity.

One important property of CNT forests is electron
field emission. To avoid any possible influence by height,
forests with a fixed height of ~40 m were grown directly
onto a conducting metal foil (YEF 426:
(Fe—42%Ni—6%Cr)).>" A grid-shaped mask was utilized
to pattern the catalysts during sputtering in order to dem-
onstrate spatial mapping of emission current clearly.
Field emission current increased with increasing electric
field following the Fowler—Nordheim (F—N) model (Sup-
porting Information Figure S2), which describes the emis-
sion of electrons as a quantum mechanical tunneling pro-
cess across the surface potential barrier under the
influence of an electric field in difference with thermi-
onic emission or photoemission.>? Forests of nanotubes
with large wall number exhibited lower threshold volt-
ages (Figure 4c). To achieve a low threshold voltage, a for-
est of small diameter nanotubes with large intertube
spacing (~2-times the height) would be ideal.>* How-
ever, this situation is not easily achievable, as nanotube di-
ameter and intertube spacing are in competition. In this
case, the intertube spacing appeared dominant because
the threshold voltage decreased despite increasing diam-
eter (Figure 4c). This means that intertube screening ef-

EXPERIMENTAL METHODS

Carbon nanotube (CNT) forests were synthesized in a 3-in.
tube furnace by water-assisted chemical vapor deposition' with
a diluted acetylene carbon source (10% acetylene + 90% He).
Thin AlL,O; (~40 nm)/Fe (1.6—5.0 nm) metal layers sputtered on
Si substrates with an oxidized layer of thickness 500 nm were
used in all cases except field-emission samples. Water vapor was
employed as a catalyst preserver and enhancer,''”3® and was

tor was estimated from the slope of experimen-
tal data to the F—N equation:*?

1OBAV2/ (dP¢) exp(By*?d / BV)

in which / is the emission current, B is field en-
hancement factor, V is the applied voltage, & is
the work function, d is the interelectrode distance,
and Bis a constant (6.83 X 10°V eV~ ¥2m™),
The field enhancement factors were estimated to
be 790, 876, and 916 for SWNT, DWNT, and MWNT
forests, respectively, which was consistent with the trend
in the threshold voltages. Also, our results were compa-
rable to those reported in literature,®*3* indicating further
improvements can be envisioned by controlling other pa-
rameters in addition to the catalytic film thickness. On
the basis of our result, sparse MWNT forests are the choice
for field emission applications within the framework of
thin film catalytic system.

CONCLUSIONS

In conclusion, we synthesized a variety of carbon
nanotube forests with tailored structures using super-
growth and engineered catalysts. By controlling only
one key parameter, that is, the catalyst film thickness,
we were able to synthesize diverse CNT forests com-
posed from nanotubes with different diameter and wall
number. We characterized their structures and proper-
ties and found many interesting dependencies among
the properties and the structures previously unknown.
For example, MWNTs showed superior electronic con-
ductivity while SWNTs showed superior thermal diffu-
sivity. These results clearly demonstrate the importance
of appropriately linking the properties and structures
of CNT forests to enable one to choose the best forest
suited for the target application.

supplied by passing a portion of the helium carrier gas through
a water bubbler. Pure helium (99.9999%) with hydrogen
(99.99999%) (total flow 1000 cm?® STP per minute) was used as
a carrier gas at one atmosphere with a small and controlled
amount of water vapor supplied from the water bubbler. Typi-
cal CVD growth was carried out at 780—810 °C with acetylene
(30—50 cm? STP per minute) and a water concentration of
100—200 ppm for 10 min. The optimum water—carbon balance

www.acsnano.org



depended significantly on experimental conditions, such as
growth temperature, acetylene flow rate, catalyst, and the
furnace.

CNT solid sheet was made from an as-grown forest by sand-
wiching the forest between two glass slides and pushing over
the vertically aligned CNTs and then densifying them with capil-
lary force of liquid.'®

Transmission electron microscopy (TEM) images were taken
using a Hitachi H-9000NA transmission electron microscope. Ra-
man spectroscopy was performed using a thermo-electron Ra-
man spectrometer with 532-nm excitation wavelength. Thermo-
gravimetric analysis (TGA) was carried out using a TGA Q5000
analyzer (TA instruments). Samples were analyzed in platinum
pans at a heating rate of 2 °C/min to 800 °C in 10 sccm (cm? STP
per min) air flow. BET surface areas were estimated from nitro-
gen adsorption isotherms at 77 K for 40 mg nanotube samples
using a BEL Japan: BELSORP Mini Il surface-area and pore-size
analysis system. Field-emission measurement were implemented
using a cathode emission profiler (Tokyo Catholde Laboratory,
CEPS-NW) with an anode—cathode distance of 300 um and a
scan area of 0.4 cm X 0.4 cm. Thermal measurement was per-
formed in air under ambient temperature by a laser flash
method.?®

We estimated nanotube spacing and volume occupancy us-
ing CNT area density. From average diameter and wall-number,
we could get average linear density of a nanotube, which is de-
fined as the average mass of a CNT per unit length.'” Then, CNT
area density in a forest was calculated from mass density and lin-
ear density.
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