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Abstract Based on the analysis of catalyst particle forma-
tion and carbon nanotube (CNT) array growth process in
floating catalyst chemical vapor deposition (CVD), deli-
cately controlled gaseous carbon sources and catalyst pre-
cursors were introduced into the reactor for the controllable
growth of CNT array. The low feeding rate of ferrocene was
realized through low-temperature sublimation. With less fer-
rocene introduced into the reactor, the collision among the
in situ formed iron atoms decreased, which led to the for-
mation of smaller catalyst particles. The mean diameter of
the CNT array, grown at 800°C, decreased from 41 to 31 nm
when the ferrocene-sublimed temperature reduced from 80
to 60°C. Furthermore, low growth temperature was adopted
in synthesis, through the modulation of the CNT diameter,
by controlling the sintering of catalyst particles and the col-
lision frequency. When the growth temperature was 600°C,
the as-grown CNTs in the array were with a mean diameter
of 10.2 nm. If propylene was used as carbon source, the di-
ameter can be modulated in similar trends. The diameter of
CNT can be modulated by the parameter of the operation us-
ing the same substrate and catalyst precursor without other
equipment or previous treatment. Those results provide the
possibility for delicately controllable synthesis of CNT ar-
ray via simple floating catalyst CVD.
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1 Introduction

Since the first synthesis in 1996 [1], there has been in-
creasing attention on controlling the growth of aligned car-
bon nanotube (CNT) arrays with desired morphologies, di-
mensions, and properties. These aligned CNTs in the ar-
rays contain many attractive properties, such as identical
tube length, uniform orientation, extra high purity, and
easy spinning into macroscopic fibers. Therefore, the as-
grown array can be directly used to construct field emission
devices, anisotropic conductive materials, multifunctional
membranes and super strong yarn. Even after the loss of the
original alignment, longer and straighter multiwalled CNTs
(MWCNTs) from the CNT arrays are found to be better in
improving the electronic, mechanical, and thermal proper-
ties than randomly aggregated multiwalled or even single-
walled CNT (SWCNT) in polymer reinforcements. In most
cases, such as field emission display and composite applica-
tion, small diameter CNTs in array form showed outstanding
performance, which indicated that controllable fabrication
of CNTs with small diameter was still a key problem [2].
Various synthesis methods have been developed. These
include porosity-assisted chemical vapor deposition (CVD)
[1], plasma-enhanced CVD [3], thermal CVD [4], alcohol-
catalyzed CVD [5], and floating catalyst CVD [6—18]. CNTs
grow on the catalyst particles from a carbon source in the
CVD process. The growth mechanism has been well dis-
cussed in the literature, but the complete mechanism of
growth is still not fully understood. The most accepted
model for CNT growth is similar to the vapor-liquid—solid
(VLS) mechanism [19, 20]. The catalytic decomposition of
a carbon feedstock into carbon atoms and hydrogen was ini-
tiated on an active transition metal surface. This was fol-
lowed by the diffusion of carbon into the metal particles,
until the solution (metal-carbon) became saturated. When
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supersaturated, the precipitation of graphite carbon occurred
from the metal surface, which, under proper conditions,
formed a cylinder (CNT). In the VLS model, the size of the
active catalyst was a key factor in the diameter of the as-
grown CNT. This was widely confirmed by many research
groups [8-11, 21, 22]. Thus, for the diameter modulation,
the catalyst formation and agglomeration became key fac-
tors.

In most of the thermal CVDs and plasma-enhanced
CVDs, the catalyst particles are prepared by annealing metal
film [3, 4, 23-25]. The film can be obtained by sputtering
and electron evaporation using electroplating techniques.
Thus, the size of the catalyst can be modulated by the thick-
ness of the film and the annealing temperature [24, 25].
Additionally, some colloid particles can be used directly as
catalysts for the CNT array growth, and the size of the col-
loid particle can be controlled by chemical routes [5]. Thin
wall, even SWCNTs in array form can be obtained [26-28].
However, the above methods have limited productivity. The
facilities for metal film formation are complex and expen-
sive. The floating catalyst CVD method has the advantages
of easy operation, cheap equipment, and lost cost, which
attracted great interest from engineers to scale up the prepa-
ration of CNT array. In the floating catalyst CVD, the cat-
alyst particles in situ formed first, and CNT arrays grew on
the flat substrate. Singh et al. have reported the development
of CNTs with a diameter distribution of 20-70 nm in ar-
ray form synthesized using the ferrocene—toluene solution
injection CVD method [13]. Tapaszto et al. have obtained
25-150 nm CNT array from a ferrocene—benzene precursor
by spray pyrolysis [10]. Zhang et al. have reported fast CNT
array growth with a diameter of 30—60 nm from a ferrocene—
xylene mixture by using a floating catalyst CVD [9]. Xiang
et al. have reported that the diameter of CNT array grown on
spheres from cyclohexane was about 35 nm [29]. Compared
with CNT array grown through thermal CVD, the CNT ar-
ray grown from floating catalyst CVD is always larger than
20 nm. Until now, limited reports can be found for the diam-
eter modulation of CNT in array form.

For the floating catalyst process, the catalyst particle was
in situ formed through the decomposition of catalyst pre-
cursor and iron atom collision. Most studies used a solution
to inject ferrocene into the reactor, which was convenient
for controlling the feeding rate by pump [9-11]. However,
the liquid-state carbon sources, like benzene, toluene, xy-
lene, n-hexane, and cyclohexane, tended to simultaneously
crack with the iron particle formation process [9-11, 15, 17,
30]. The carbon source decomposed quickly, and the CNTs
in array form grew from the catalysts, which were distrib-
uted on the substrate. It was a complex, coupled process for
the catalyst precursor and carbon source feeding together.
In this article, ethylene, which was more stable gaseous car-
bon source than CoH», benzene, toluene, and xylene, et al.
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was used as the carbon source, and ferrocene was used as
a catalyst precursor. Instead of cofeeding with the carbon
source, the catalyst precursor was sublimed in the present
studies. Thus, the catalyst precursor can be controllably fed
into the reactor by the evaporation temperature with a fixed
flow rate of carrier gas. The related strategies for diameter
modulation of CNT in the array form were discussed. Thin-
wall CNT array with a diameter of 10 nm was obtained by
lowering the feeding rate of the catalyst precursor and the
growth temperature in the floating catalyst process.

2 Experimental details

The chemical reactants were analytical grade and purchased
from the Beijing Chemical Plant. The hydrogen and ar-
gon used possessed purity above 99.999%, while the eth-
ylene had a purity of 99.5%. Typical experiments were per-
formed in the horizontal quartz tube, 35 mm in diameter and
1200 mm in length, placed in a two-stage furnace. The cat-
alyst precursor was evaporated at the first stage and deliv-
ered into the second stage by the carrier gas. The CNT ar-
rays grew at the second stage of the furnace. The lengths of
the two heat zones were 300 and 600 mm, respectively. Fer-
rocene was used as the catalyst precursor and ethylene was
taken as the carbon source. A quartz plate was used as the
CNT array growth substrate. The quartz plates were rinsed
with ethanol for 10 min at first and then put in the second
stage of the tube. The ferrocene was laid in a ceramic boat
for controllable evaporation at a certain temperature, in the
first stage of furnace. The second stage was heated to the
growth temperature in the atmosphere of 95% Ar and 5%
H, with a flow rate of the carrier gas at 600 sccm. Then the
ethylene was introduced into the reactor, with a flow rate of
100 sccm. After growth for half an hour, the furnace heater
was turned off and the ethylene inlet was terminated. The
reactor was then cooled to room temperature under the pro-
tection of the carrier gas of Ar and Hj. The as-grown prod-
ucts were taken out of the reactor and peeled from the quartz
plate for further characterization.

After the product collection, the morphologies of the
products were characterized by a JSM 7401F scanning elec-
tron microscope (SEM) operated at 5.0 kV and a JEM
2010 transmission electron microscope (TEM) operated at
120.0 kV. The sample for TEM was prepared by sonication
of about 3.0 mg of as-grown products in ethanol for 15 min
and several drops were put onto a TEM copper grid. The
diameter distributions of the products were obtained statis-
tically of 200 tubes from the images recorded by SEM or
TEM.
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3 Results and discussion

In the floating catalyst CVD process, the ferrocene was sub-
limed at the first stage and decomposed into iron atoms at
470°C. The iron atoms agglomerated to form the nanoparti-
cles for CNT growth. Kuwana and Saito predicted the for-
mation process and the growth rate of iron nanoparticles
from ferrocene [31]. Various factors, including the amount
for collision, the residence time, and the collision frequency,
affected the size of the iron nanoparticles. With the fer-
rocene concentration fixed at 280 ppm in the high tempera-
ture regime (7' = ~3000 K), the monodisperse model, with
a constant collision frequency function, was found to be a
good approximation of the particle diameter. The iron par-
ticles were about 80 nm with 10 s collision. While the tem-
perature decreased to 1000 K, the iron catalysts were about
10 nm. When the temperature was lowered to 800 K, the
size was just about 1.0 nm [31]. The numerical prediction,
using the interpolative closure model, found that the iron
catalyst particle can obviously be modulated by operating
the parameters of ferrocene decomposition. However, in the
floating catalyst for CNT array growth, the effects of the
carbon formation and the substrate were complex. CNT ar-
rays can grow in the confined domain of various parame-
ters, including the temperature, substrate, flow rate, and gas
composition. Experimental researches are important in de-
tecting the key factors for such processes. Given that this is
such a complex system, further simplifications are needed
for additional experimentation. In the catalyst particle for-
mation process, we fixed the catalyst precursor as ferrocene
and the carbon source was ethylene. Since the flow effects
were well understood by the computational fluid dynamic
simulation and had a close relationship with the reactor size,
the gas feeding rates were also fixed. In the catalyst forma-
tion process, we tested the concentration of the iron atom
at the initial rate and the iron collision frequency. The iron
atom concentration can be easily modulated by controlling
the feeding rate of ferrocene, which dramatically affected

Table 1 Feeding of catalyst precursor in floating catalyst CVD

the kinetic process of the iron catalyst formation process.
The second factor of iron collision frequency can obviously
be modulated by the temperature, which was CNT growth
temperature in our case.

To test the effect of iron concentration, the catalyst feed-
ing rate should be estimated first. In most researches, the
ferrocene have been dissolved in the liquid carbon source,
the feeding rate of ferrocene have been always kept at about
0.05-2 g/h. When gaseous carbon sources are used, the
feeding rate can be controlled by the evaporated tempera-
ture. As shown in Table 1, most groups set the sublimed
(or evaporated) temperature in the scale of 150-350°C. The
vapor pressure of ferrocene have been a concern of many
groups [32, 33]. From Emel’yanenko et al.’s recommenda-
tion [33], the correlationship of vapor pressure of the fer-
rocene and temperature can be expressed in (1).

273. 1535.7 29. T/K
3.6 81535 ﬂln( / ) )

In(Fe/PO) ===~ 2 @)~ & ™ 29815

where P, is the vapor pressure of ferrocene, T is the
temperature, and R is the gas constant with a value of
8.3145 J/mol K. The calculated vapor pressures at cor-
responding, sublimed temperature, are shown in Table 1.
When the sublimed temperature was higher than 150°C, the
vapor pressure was higher than 4.84 x 10° Pa. The sublim-
ing rate of ferrocene can be estimated by (2) as follows:

I'=a(P,— P) ()

2r RT
where I' (g/s) is the feeding rate per second, « is the sub-
limed constant, which has a relationship to the substance
composition and the contact area with a value from 0.0001
to 1. Py, is the ferrocene in the gas phase and M is the mole-
cular weight. Table 1 shows that the flow rate and the di-
ameter size have a similar order of magnitude, therefore,
comparing the feeding rate among various studies, o was
assumed to be 0.0001 for further estimation. The constant

Catalyst Evaporated Flow rate Diameter Vapor pressure Estimated Ref.
precursor temperature of carrier of reactor of ferrocene feeding rate

O gas (sccm) (mm) (Pa)* (g/s)°
Ferrocene 150 ~500 25 4.84 % 103 0.044 8]
Ferrocene 200 ~200 25 3.76 x 10* 0.327 [16]
Ferrocene 350 ~950 10 2.07 x 10° 15.7 [7]
Ferrocene 60 ~600 35 21.7 2.24x1074 This work

80 93.2 9.36x 107*

2The vapor pressure of ferrocene was estimated by (1)

bThe feeding rate of ferrocene was estimated by (2) with the assumption that o was 0.0001
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addition of fresh gas into the reactor altered the P, to O Pa.
Most researches contain a feeding rate over 0.04 g/s (Ta-
ble 1), which indicates that about 1.29 x 100 iron atoms
were formed in the reactor per second. Compared with the
ferrocene inlet rate for the reports using liquid hydrocarbon
as carbon source for CNT array growth, this was too high
and the iron catalyst, with a certain size, was not sensitive
to the amount of ferrocene introduction. Thus, in the present
report, the first step was decreasing the evaporated tempera-
ture to 60—80°C, in which the diameter of CNTs in the array
form will be modulated.

Figure 1 shows how a typical CNT array morphology
grew at a low feeding rate with ferrocene sublimed at 60°C.

Fig. 1 (a) Low magnification and (b) high magnification of CNT ar-
rays with ferrocene subliming at 60°C and growing at 800°C

Fig. 2 (a) and (b) TEM images,
(c¢) and (d) diameter distribution
of CNT in array form grown at
800°C with ferrocene subliming
at 80 and 60°C, respectively

The vertically aligned CNT arrays were peeled from the
quartz substrate (Fig. 1a). With ferrocene sublimed at 60°C,
and reaction temperature maintained at 800°C, the array was
200 pum in length for a 20-minute growth. No other impuri-
ties, including the amorphous carbon, iron catalyst encapsu-
lated with carbon, could be found in the as-grown product.
From the high magnification of the SEM images, there were
two kinds of CNTs in the array. Some CNTs were straight,
while other CNTs were curved with a tortuous factor of
1.12 £ 0.05 [34]. A similar structure was found on the CNT
array grown on the plate from cyclohexane through synchro-
nous growth with a pristine stress [34]. The CNT grows like
a forest, in which the growth site is at the root of each tube,
with iron catalyst particles sitting at the bottom [35]. Thus,
similar CNT array synchronous growth mechanisms were
discovered in the floating catalyst with ethylene as the car-
bon source [34]. Compared with other studies, a low catalyst
feeding rate was used in the present research.

The diameter distribution of CNTs in the array can be
obtained from the TEM images. Figures 2a and 2b show
the CNT grown at 800°C with ferrocene sublimed at 80
and 60°C, respectively. The inserted high-resolution trans-
mission electron microscopy (HRTEM) images indicate that
as-grown CNTs contained good crystallite structure. The in-
ner diameter of the CNTs was about 5—-10 nm, while the
outer diameter showed a wide distribution. For CNT arrays
grown with the catalyst precursor evaporated temperature

Mean:41nm

Percentage %

10 20 30 40
c Diameter (nm) d
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Fig. 3 (a) and (b) TEM images,
(c¢) and (d) diameter distribution
of CNT in array form grown at
700 and 600°C with ferrocene
evaporation at 60°C,
respectively

1 0nm

40

304

204

Percentage %

10

10 15 20

c Diameter (nm) d

of 80°C, the diameter was mainly in a range of 15-80 nm
(Fig. 2¢), with a highest peak at 40 nm. Then mean diameter
was 41 nm. For CNT arrays grown with the catalyst precur-
sor sublimed at 60°C, no large diameter CNTs, such as 60—
80 nm, could be found. The CNTs were mainly 20-60 nm,
with a mean diameter of 31 nm (Fig. 2d). In the floating
catalyst CVD, the ferrocene was sublimed at a low temper-
ature in the first stage. The ferrocene vapor was transferred
into the second stage furnace by carrier gas. It decomposed
into iron atoms when the temperature was above 470°C. If
the evaporation temperature decreased from 80 to 60°C, the
amount of introduced ferrocene was diminished (as shown
in Table 1). With less introduced ferrocene, less collision
would occur among the iron atoms decomposed from fer-
rocene and the as-formed iron catalyst particles would be
smaller in size. From the vapor-liquid—solid (VLS) mecha-
nism, CNTs with smaller diameter in array form grew from
the substrate [19, 20, 35]. Compared with other studies, the
amount of ferrocene introduced into the reactor was much
less. The smaller diameter distributions of CNTs in the array
form were attributed to the sensitivity to the catalyst feeding
rate.

After the catalyst formation in the gas phase, the iron
nanoparticles were attached to the substrate, where further
sintering took place. If the growth temperature varied, the
collision frequency and sintering possibility changed, which

Mean: 14nm

Mean: 10nm

Percentage %

. ]

35 40 0 5 10 15 20 25 30 35 40
Diameter (nm)

30

would result in the modulation for the diameter of iron cat-
alysts and CNTs. Here, we fixed the catalyst precursor sub-
limed at 60°C, and the feeding rates of the carbon source
and the carrier gas were fixed as well. The TEM images
of CNTs in the array form grown at 700 and 600°C are
shown in Figs. 3a and 3b, respectively. HRTEM images in-
dicated that the CNTs grown at 700°C had a diameter of
about 12 nm, and the number of graphite layers was about
10. Compared with the CNTs shown in Fig. 2b, the diam-
eters of CNTs in the array were significantly reduced. This
can be further confirmed by the statistical results shown in
Figs. 3c and 3d. For CNT arrays grown at 700°C, the diam-
eters had a wide distribution of 5-40 nm with a mean diam-
eter of 13.9 nm. The CNTs peaked at 1015 nm. Compared
with Fig. 2d, the outer diameter of the CNTs decreased dra-
matically. If the growth temperature had a further decrease,
few-walled CNTs could be obtained, as shown in Figs. 3b
and 3d. There was a wide diameter distribution of 1-30 nm
with a mean diameter of 10.2 nm. The peak was at 5-10 nm.
Some of the few-walled CNTs, which are indicated with the
arrows in Fig. 3b, had a diameter of 3 nm. The diameter
distribution was lower than the CNTs obtained from float-
ing catalyst CVD, as reported. The sintering among small
catalyst particles decreased, leading the formation of small
diameter CNTs.

Meanwhile, at low temperature, the CNTs with a small
diameter could be obtained, but the growth rate was slow.
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Fig. 4 (a) Morphology of CNT array grown at 700°C for 0.5 h and
800°C for another 0.5 h. For the root growth of CNT array in the float-
ing catalyst CVD, the array grown at 700°C was at the top of the array.
An interface was shown when the temperature increased from 700 to
800°C. (b), (¢) SEM images and (d), (e) high magnification SEM im-

To obtain thin-walled CNTs, high temperature is needed for
more effective carbon source cracking and a higher carbon
atom transfer rate in the metal particles during longer CNT
growth. The arrays show synchronous growth with an active
growth site at the bottom of each tube. If the catalyst size can
be stabilized by the carbon atoms at low temperature, for in-
stance at 700°C, the size of the particle will be small. The
carbon-coated catalyst particles activated the array growth.
If the temperature were increased to 800°C, the growth rate
increased. Figure 4 outlines the growth rate for the diameter
of the CNTs. The array grew at 700°C for 0.5 h and at 800°C
for another 0.5 h. A 10-minute heating was required for the
temperature increase. The ferrocene was sublimed at 80°C.
The as-grown array showed a two-layer structure. With the
root growth, the short array of 200 wm corresponded with
the growth at 700°C and the relatively long array of 400 wm
corresponded with the growth at 800°C. This indicated a
faster growth at higher temperatures. Furthermore, as shown
in Fig. 4, the CNTs grown at 700°C had smaller diameters,
with a mean of 28 nm. The CNTs grown at 800°C had a
larger diameter, with a mean of 50 nm. The diameter of
the CNTs increased with the growth temperature for an ar-
ray. During CNT growth, the catalyst precursor was contin-
uously fed into the reactor, and the iron catalyst was encap-
sulated and substituted [35]. At 700°C, the catalyst parti-
cles were small in size. When the temperature increased, the
sintering of the catalyst particles on the substrate increased.
When the catalyst was feeding continuously and the catalyst
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ages of CNT array grown at 700 and 800°C, respectively. (f) Diameter
distribution of CNT array grown at 700 and 800°C, respectively. The
diameter of CNTs grown at 700°C was smaller than those grown at
800°C

at the root was updated gradually [35], large-size catalyst
particle formed at high temperatures. Thus, large-diameter
CNTs were obtained. The present results indicate that the
fast growth of thin-walled CNTs is still an unsolved prob-
lem in floating catalyst CVD. Furthermore, the diameter of
CNT growth at 800°C or above is larger than that grown on
the substrate directly. There was catalyst substitution in the
floating CVD process, and the iron catalysts that easily sin-
tered to large particle with pre-growth CNT at 700°C was
distributed on the substrates.

Besides, other kinds of carbon sources, like propylene,
were also used for CNT array growth. The morphologies
of the as-grown products are shown in Fig. 5. In Figs. 5a
and 5b, the growth temperature was fixed at 800°C, and the
ferrocene evaporated temperature was 60 and 80°C, respec-
tively. The mean diameter of the CNTs increased from 19
to 41 nm. Similarly, as the growth temperature decreased,
the diameter also decreased. The diameter of CNTs, ob-
tained from propylene showed similar trends to those ob-
tained from the ethylene (Table 2). All of these indicate that
the above-mentioned mechanisms are still effective for us-
ing propylene as carbon source. The feeding rate of the cat-
alyst precursor and growth temperature can be changed to
modulate the size of the catalyst particle, and the mean di-
ameter of the CNT in the array form is also controllable. The
diameter of the CNT can be easily modulated by the para-
meter of the operation using the same substrate and catalyst
precursor, without other equipment or previous treatment.
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Fig. 5 TEM images of as-grown CNT array from propylene with dif-
ferent growth parameters. (a) The catalyst precursor was evaporated
at 60°C, and the CNT array was grown at 800°C; in (b), (¢), and (d),
the catalyst precursor was evaporated at 80°C, and the CNT array was
grown at 800, 700, and 600°C, respectively

Table 2 The mean diameter of CNTs obtained via floating catalyst
CVD with ethylene or propylene as carbon sources

Carbon Ferrocene evaporated Growth temperature (°C)
source temperature (°C) 600 700 800
Ethylene 60 - - ~31
80 ~10 ~14 ~41
Propylene 60 - - ~20
80 ~11 ~19 ~41

However, the diameter distributions, obtained from various
cases, are still broad. Dedicated operation or new thoughts to
modulate the size of catalyst particles and growth processes
are still needed for high quality of CNT array growth.

4 Conclusions

Based on the analysis of catalyst particle formation process
in floating catalyst chemical vapor deposition (CVD) in-
stead of traditional liquid solution introduction of the carbon
source and catalyst precursor ethylene was used as carbon
source and together with ferrocene were sublimed into the
reactor directly. The low feeding rate of catalyst precursor
was taken. When the amount of ferrocene introduced into
the reactor decreased, the collision decreased and small cat-
alyst particles were formed. The mean diameter of the car-
bon nanotube (CNT) array, grown at 800°C, decreased from

41 to 31 nm with ferrocene sublimed temperature chang-
ing from 80 to 60°C. If the growth temperature decreased,
both the sintering of catalyst particles on the substrate and
the collision frequency decreased. Subsequently, the catalyst
particle size further decreased. When the growth tempera-
ture was 600°C, the as-grown CNTs in the array had a wide
distribution of 1-30 nm with a mean diameter of 10.2 nm,
smaller than other reports by floating catalyst CVD. Given
that the catalyst at the root of CNTs was gradually substi-
tuted, the catalyst cannot be stable for a long time. Thus, the
diameter of CNT in the array increased with higher growth
temperature. Moreover, if propylene was used as the carbon
source, similar trends for the diameter change were shown.
Those results provide the possibility for delicate controllable
synthesis of CNT array via floating catalyst CVD.
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