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ingle-walled carbon nanotubes

(SWNTSs)'? have gathered much atten-

tion from both academic and indus-
trial researchers due to their unique physi-
cal and chemical properties. Potential
applications of SWNTSs include electronic
devices,>° sensing applications,®” super
strong engineering fibers,®® and catalyst
supports.'®'! The electrically conductive
SWNTs with high aspect ratio can emit elec-
trons at low electric field, thus field emis-
sion displays (FEDs)'>'* and field emission
lamps (FELs)''> with SWNT cathodes are
eagerly anticipated to cope with energy
and environmental problems.

In the fabrication of the carbon nano-
tube (CNT) cathodes for FEDs and FELs,
CNTs are deposited on the substrate by di-
rect growth,'®'” electrophoresis,'® or
printing.'®® For the FEDs or FELs, the
simple, scalable, and low-cost method of
the printing is appropriate. However, the
poor dispersibility of CNTs in solutions due
to entanglement and bundling results in in-
homogeneous distribution of CNTs in the
electrodes, leading to patchy light emission.
We considered that the hybridization of
SWNTSs with electrically conductive nano-
particles dispersing well in the solvents
would solve this problem. As such nanopar-
ticles, we used single-walled carbon nano-
horns (SWNHSs).2"?2 Each SWNH is an irregu-
larly shaped tube made of single-graphene
sheets. The diameter of each SWNH was 2 to
5 nm. About 2000 SWNHs assemble to form
a spherical aggregate with dahlia-flower-
like forms having diameters of 80 to 100
nm. SWNHs disperse well in various solvents
(see Supporting Information Figure S1),
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ABSTRACT Electrically conductive carbon nanotubes (CNTs) with high aspect ratios emit electrons at low

electric fields, thus applications to large-area field emission (FE) devices with CNT cathodes are attractive to save

energy consumption. However, the poor dispersion and easy bundling properties of CNTs in solvents have hindered

this progress. We have solved these problems by growing single-walled CNTs (SWNTS) on single-walled carbon

nanohorn (SWNH) aggregates that have spherical forms with ca. 100-nm diameters. In the obtained SWNT—SWNH

hybrids (NTNHs), the SWNTs diameters were 1—1.7 nm and the bundle diameters became almost uniform, that

is, less than 10 nm, since the SWNTs were separated by SWNH aggregates. We also confirmed that a large-area FE

device with NTNH cathodes made by screen printing was highly and homogeneously bright, suggesting the success

of the hybrid strategy.

KEYWORDS: carbon nanotube - carbon nanohorn - single-walled carbon nanotube -
single-walled carbon nanohorn - chemical vapor deposition - field emission

and have high electrical conductivity.3?*
Furthermore, SWNHSs can be used as a sup-
port material to form small sized catalysts
on their outer surface and inside internal
space.?>?° Their potential applications as
catalyst supports,?>?® capacitor electrodes,?”
and drug carriers?®? in medical fields have
also been studied.

In this study, we obtained SWNT—SWNH
hybrid (NTNH) by growing SWNTs from Fe
catalyst supported on SWNHs by chemical
vapor deposition (CVD). Owing to the high
dispersibility of the NTNH in the solvents,
the NTNHs were homogeneously and
sparsely deposited on the electrodes by a
simple printing technique. In addition, the
SWNT bundles in the NTNHs were thin in
comparison with those in usual SWNTs. As a
result, evenly and highly bright flat FELs were
successfully fabricated using NTNHs as the
cathode. We believe that the CNT—
nanoparticle hybrid is promising for the de-
velopment of the CNT—FE technology.
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Figure 1. TEM images of Fe@NHoxh (a) and NTNH obtained
at 800 °C (b).

RESULTS AND DISCUSSION

The structure of the specimens was first studied by
a transmission electron microscope (TEM) observation.
The TEM images of Fe@NHoxh (Fe oxide deposited
hole-opened SWNH), a starting material of ethanol CVD
(Figure 1a),3°~32 showed dark spots of Fe oxide with
sizes of 2—4 nm located at the tips (inset in Figure 1a)
and outside of the SWNH sheaths. On the other hand, in
the TEM images of NTNHs obtained by the ethanol
CVD at 800 °C, SWNTs were obviously seen (Figure 1b)
and their diameters were about 1 nm (inset in Figure
1b). SWNTs with diameters larger than 2 nm were also
sometimes found. The SWNTSs in the NTNHs existed in-
dividually or formed thin bundles, as apparent from
TEM images. The bundle diameters were less than 10
nm (Figure 1b). We did not find any multiwalled carbon
nanotubes (MWNTs) in the NTNHs. The TEM images of
NTNHs obtained by CVD at 600 and 1000 °C are also
shown in Supporting Information Figure S2.

For further structural analysis of the NTNH, we
measured the Raman spectra as shown in Figure 2.
The Raman spectra of Fe@NHoxh (Figure 2, Table 1)
were similar to those of NHox (hole-opened SWNH),*°
exhibiting a broad G band (~1590 cm™") with a shoul-
der (1620 cm™") and a broad D band (~1350 cm™'). The
G band originates from the E,q stretching mode of
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Figure 2. Raman spectra (a) and the enlarged RBM peaks
(b) of Fe@NHoxh (black line) and NTNH obtained at 600 (red
line), 800 (blue line), and 1000 °C (green line).

graphite, and the D band reflects the graphite-structure
imperfection. The shoulder corresponds to defects of
NHox introduced by oxidation at 500 °C for hole-
opening.® In addition to these peaks, the Raman spec-
tra of the NTNH exhibited that the peaks originated
from the SWNTs (Figure 2, Table 1). Especially the NTNH
prepared at 800 °C clearly showed the radial breathing
modes (RBMs, 100—300 cm™") and sharp G band
(~1589 cm™"), which are characteristic of SWNTs 3334
Since the Raman peaks of SWNTs were less clear for
NTNH prepared at 600 or 1000 °C, we considered that
an optimum SWNT growth temperature for the NTNH
preparation by CVD was 800 °C.

The SWNT diameters estimated from the RBM peak
positions according to the relationship of d = 248/w
(d, diameter; , peak wavenumber)3* were 1.0—1.7 nm
(Table 1). The diameters increased with the CVD tem-
perature, which is likely because the Fe-particle size in-
creased with the CVD temperature.3>~3” The Raman

|
TABLE 1. Diameters of SWNTSs Estimated from RBM Peaks
and Peak Positions of D and G Bands in Raman Spectra

diameter(nm) RBM(cm~") Dband(cm~") Gband(cm™")
Fe@NHoxh 1345 1590
NTNH 600 °C  0.98, 1.03 240, 254 1346 1590
NTNH 800°C  1.24,1.39,1.73 200,178, 143 1346 1588
NTNH 1000 °C  1.39, 1.65 179,150 1347 1589
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Figure 3. SEM image of NTNH prepared at 800 °C.

peaks corresponding to Fe oxide or other Fe com-
pounds did not appear in the observed spectra.

The overall structure of the NTNH prepared at 800 °C
was observed directly with a scanning electron micro-
scope (SEM) (Figure 3). Also, the magnified SEM image
in Figure 3b shows bundled SWNTs and Fe@NHoxh
after ethanol CVD. Surprisingly, we found that large-
bundles did not form easily and bundle diameters be-
came approximately uniform, because the SWNTs were
separated by SWNH aggregates (Figure 3). In fact, the
bundle diameters of the SWNTs were estimated
roughly; about 95% were less than 10 nm (A histo-
gram of diameter distributions of the NTNH was ob-
tained by counting 200 bundles. See Supporting Infor-
mation Figure S3). We also confirmed that the NTNHs in
ethanol were easily monodispersed like SWNH aggre-
gates (see Supporting Information Figure S4), though
the particle size became larger, probably due to re-
aggregation caused by tangling of the SWNTSs on the
NTNH.

Next, we investigated Fe-based catalysts of NTNH
hybrid after ethanol CVD. Figure 4 shows a Z-contrast
image prepared at 800 °C and histograms of the cata-
lyst sizes estimated from about 300 white spots (a scan-
ning transmission electron microscope (STEM) image
of NTNH prepared at 800 °C is not shown. See Support-
ing Information Figure S5). In the Z-contrast image,
the Fe particles appear clearly as bright spots (Figure
4a) because the image contrast is proportional to the
square of the atomic number. We found that small sizes
of Fe-based particles were largely maintained at 600
and 800 °C, although the CVD growth at 1000 °C en-
larged the catalysts and caused a wide diameter distri-
bution due to migration and aggregation at high tem-
peratures (Figure 4b).

www.acsnano.org
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Figure 4. (a) Z-contrast image of NTNH prepared at 800 °C.
(b) Histograms of Fe particle sizes in NTNHs after ethanol
CVD.

In conclusion, the CVD growth at 800 °C was found
to be optimum for the preparation of the NTNH hy-
brid, and thus we selected NTNH prepared at 800 °C
for further FEL study.

The relation of electron emission current density
and electric field for the NTNH-FELs showed a turn-on
electric field, defined as the electric field value at a cur-
rent of 1 wA/cm?, at 5 kV/cm (Figure 5a, black). Here, the
emission current density is the emission current per
unit electrode area. The turn-on electric field for NTNH-
FELs was lower than that for FELs of HiPco-SWNTs, HiP-
co-SWNTs/SWNHs, and SWNHs (Table 2). The emission
current of the NTNH-FELs was higher than that of the
other FELs (Figure 5a). It should be noted that the flat
FEL devices from all specimens were prepared in the
same way, and the FE properties were similarly mea-
sured. The reasons the NTNH is so effective were ana-
lyzed as follows.

The electron emission from the tips of SWNTSs is
known to be tunneling-effect emission, and the rela-
tionship between the current and electric field follows
the Fowler—Nordheim (F—N) relation.3®~4 In this
mechanism, the electron emission depends only on
the local electric field without a thermal process, there-
fore it is called cold emission. This type of emission is
usually found at high electric fields, about 107 V/cm, for
the metal electrodes under high vacuum,* but it de-
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Figure 5. J—E curves (a) and F—N plots (b) obtained for
emitters prepared using NTNHs, SWNHs, HiPco-SWNTs, and
HiPco-SWNTs/SWNHs (a mixture of SWNTs and SWNHs), re-
spectively. F—N plots are composed of linear relationships
with the slopes of each sample.

creases to the order of 10 V/cm for the SWNTs due to
the high aspect ratio.*'

According to the F—N theory, the current, I (A), is
given by the following equation.*

1.5 % 10 (£ pe)”

104
| = s — el ayp( 22
9 exp( w)
7,15
exp(—%) (1
local

Here, Eocal (V/cm) is a local electric field at a given emis-
sion site and ¢ (eV) is the work function of an emitter
material. We assumed ¢ of SWNHs or SWNTs was

5.0 eV,*24 which is a typical value for CNTs (SWNT,
double-wall carbon nanotube, MWNT, etc.). Eiocal Was as-
sumed to be proportional to Vyppi Eiocal = BVappi ™ *°

TABLE 2. Turn-on Electric Field, Field Enhancement
Factors (), and Effective Electron-Emission Area of
Cathode Electrode (S) for Emitters Prepared Using NTNHs,
HiPco-SWNTs, SWNHs, and HiPco-SWNTs/SWNHs (a
Mixture of SWNTs and SWNHs)

NTNH SWNH SWNT SWNT/SWNH
turn-on electric field (kV/cm) 5 19 8.5 12
10° (cm™") 2.50 0.56 1.2 0.79
$10° (cm?) 1.2 22 1.7 121
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where 8 (cm™) is a field enhancement factor and V,p
(V) is an applied voltage. Substituting these relations
into eq 1, we obtained the following:

+ In

nf—_) = _644x10"x ¢ 1
2 [3 Vappl

1.5 x 10°° x SB? (M)) .
( % exp % )

Vappl

In this equation, S (cm?) is an effective electron-
emission area of the cathode electrode. The In(l/V,pp?)
and 1/V,pp have a linear relationship, and the B value
corresponds to the slope of the linear line. The value of
S is the value of In(l/Vapp®) at 1/V,pp = 0. For the CNT
emitters, it has been reported that the 8 values are in-
fluenced by tip structures, the radius of the emitter
(=bundle diameter), the aspect ratio, and the density
of CNTs standing on the substrate,39414445

A cell with specimens on the cathodes showed the
linear relations between In(l/Vapp?) and 1/Vapp at the
higher electric field (Figure 5b), indicating that the FE
currents and applied voltages mostly followed the F—N
law. The estimated values of 3 and S are listed in Table
2. Interestingly the NTNH emitters showed the largest 3
and the smallest S values. The largest B value of NTNH
emitters was mainly due to the small diameters and the
sparse distribution of SWNT bundles, which is recog-
nized from the SEM image of the NTNH cathode (Fig-
ure 6a). In fact, it is well-known that the ideal ratio of the
distance between the adjacent tubes to the tube height
is about two by theoretical calculations.* On the other
hand, the bundle diameters of HiPco-SWNTs (10—100
pm, Figure 6c) and HiPco-SWNTs/SWNHSs (mainly
10—80 m, Figure 6d) in the cathodes took various
larger values, which might have caused the small val-
ues of B. The small B value of the SWNH emitter (Fig-
ure 6b) would be due to the small aspect ratio of indi-
vidual SWNHs (diameter, 2—5 nm; length, 80—100 nm)
and their high density. The J—E relation did not sub-
stantially depend on the amount of HiPco-SWNHs and
the HiPco-SWNT/SWNH ratio (see Supporting Informa-
tion Figure S6).

Figure 6. SEM images of cathode electrodes prepared using
NTNHs (a), SWNHs (b), HiPco-SWNTs (c), HiPco-SWNTs/
SWNHs (a mixture of SWNTs and SWNHs) (d), respectively.

www.acsnano.org
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Figure 7. Photographs of light-emitting FELs prepared us-
ing NTNHs (a), SWNHs (b), HiPco-SWNTs (c), HiPco-SWNTs/
SWNHs (a mixture of SWNTs and SWNHs) (d) at 14, 20, 14,
and 14 kV/cm, respectively.

The NTNH-FEL having a small S value was homoge-
neously bright (Figure 7a), while the other FELs having
larger S values showed quite patchy light emission (Fig-
ure 7b—d). Therefore, we think that large S values and
homogeneous brightness may not be directly related.

The NTNH emitters had excellent electron emission
efficiency (=large B value) from the thin-bundles of
SWNTs that were few (=small S value) but homoge-

MATERIALS AND METHODS

SWNH aggregates were prepared by CO, laser ablation of
graphite rods,?'?2 and the holes were opened by heat treat-
ment in dry air where the temperature was increased from room
temperature to 500 °C at a rate of 1 °C/min (NHox).>° Fe acetate
(50 mg) and NHox (50 mg) were dispersed in ethanol (20 mL) and
stirred at room temperature for about 12 h. The mixture was fil-
tered, and black powder was obtained on the filter paper. The
black powder was washed with ethanol (20 mL) once to remove
the excess Fe acetate existing outside the NHox, and then dried
for 24 h in vacuum at 80 °C (Fe@NHox).3' The Fe@NHox was pre-
baked at 300 °C for 10 min in air (760 Torr) (Fe@NHoxh) to pyro-
lyze the Fe acetate to Fe oxide.?' The resultant black powder
was placed on a quartz boat located at the center of a reactor
tube in an electric furnace, and the catalysts were reduced in the
CVD reactor at 400 °C for 20 min in H,(20%)/Ar(80%) flowing at
500 mL/min. Then, the flowing gas was changed from H,/Ar to Ar
and the temperature was increased to the desired CNT growth
temperatures (600—1000 °C). After reaching the target tempera-
ture, the gas flow was switched to ethanol vapor, a carbon feed-
stock,32 diluted in Ar, and kept for 15 min (NTNH). After the reac-
tion, the reactor was cooled to room temperature in the Ar gas
flow.

The structures of the specimens were observed with a trans-
mission electron microscope (TEM) (Topcon EM-002B), scanning
transmission electron microscope (STEM) (Hitachi HD-2300), and
scanning electron microscope (SEM) (Hitachi S-4800). The TEM
and STEM were operated at 120 kV, and the SEM was operated
at 1.0 kV. Raman spectra were measured with a JASCO NRS-2000
Laser Raman spectrophotometer. The excitation wavelength of
the Ar ion laser was 488 nm.

The obtained NTNH (50 mg) was mixed with ethyl-cellulose
(100 mg), glass frit (200 mg), and a-terpineol (10 mL), and suffi-
ciently stirred with roll-milling for about 6 h. The NTNH paste was
screen-printed on an indium tin oxide (ITO) glass substrate (2 X

www.acsnano.org

neously dispersed. The emitters using HiPco-SWNTs
had low electron emission efficiency (=small B values)
from thick bundles of which there were many (=large S
values) but eccentrically localized on the electrodes.
The SWNH-FEL cannot be the better emitter because
of the small aspect ratio (=small B values) of SWNHs.
The localized emission of SWNH-FEL (Figure 7b) could
be attributed to summit-like morphologies on the cath-
ode surface (Figure 6b).

CONCLUSIONS

To obtain a highly efficient field emission lamps
(FELs) using single-walled carbon nanotubes (SWNTs),
we hybridized SWNTs and single-walled carbon nano-
horns (SWNHs) by growing SWNTSs from Fe-catalyst sup-
ported on SWNHs by chemical vapor deposition. In the
obtained SWNT-SWNH hybrids (NTNHs), the SWNT di-
ameters were 1—1.7 nm and the bundle diameters
were less than 10 nm. The FEL with the NTNH cath-
odes prepared by screen-printing showed the low elec-
tron emission threshold, 5 kV/cm, and homogeneous il-
lumination from fluorescent materials deposited on
the anode, owing to the small diameters of the SWNT
bundles and their sparse and homogeneous distribu-
tion on the cathode. The high FE ability of SWNTs and
high dispersion ability of SWNHs have been successfully
combined in this NTNH-hybrid FEL.

2 cm?) through 400 mesh net. The NTNH paste/ITO was first
dried at 80 °Ciin air, and then sintered at 500 °C in N, mainly to re-
move organic materials in the paste and to fix the granulous ma-
terials. The obtained NTNH/ITO (cathode) was put under a fluo-
rescent plate (anode) at a distance of 1 mm, and an NTNH flat FEL
was obtained. The NTNH FEL was placed in a vacuum chamber
(1 X 1077 Torr, room temperature), and the electrical properties
(emission current vs applied voltage) and light emission from the
fluorescent plates were tested. These FE properties of NTNHs
were compared with those of HiPco-SWNTs, a mixture of HiPco-
SWNTSs and SWNHs (HiPco-SWNTs/SWNHs), and SWNHs only. The
HiPco-SWNTs were purchased from Carbon Nanotechnologies,
Inc. (diameter, 0.8—1.2 nm, see Supporting Information Figure
S7). In HiPco-SWNTs/SWNHs, the weight ratio of HiPco-SWNTs
and SWNHs was 1:1. The flat FEL devices from these three speci-
mens were prepared in the same way as shown above for the
NTNH devices, and the FE properties were similarly measured.
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light scattering (DLS) results of SWNHs well dispersed in etha-
nol (Figure S1); TEM images of NTNHs prepared at 600 and
1000 °C (Figure S2); histogram of bundle diameter distributions
of NTNHs (Figure S3); DLS results of NTNH hybrid well-dispersed
in ethanol (Figure S4); typical STEM image of NTNH prepared at
800 °C by ethanol CVD (Figure S5); J—E curves obtained from
HiPco-SWNTs, HiPco-SWNTs/SWNHs (10%) (a mixture of SWNTs
(10 wt %) and SWNHs (90 wt %)), and HiPco-SWNTs/SWNHs
(50%), respectively (Figure S6); Raman spectrum of HiPco-SWNTs
purchased from Carbon Nanotechnologies, Inc. (Figure S7). This
material is available free of charge via the Internet at http://pub-
s.acs.org.
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