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Abstract

Carbon trees, quite different from those previously reported, have been produced by the catalytic
chemical vapor deposition of toluene using ferrocene as the catalyst precursor. The influences of
formation conditions such as catalyst mass, toluene flow rate, and reaction time on the tree
growth and morphology have been investigated. The yield of carbon trees is greatly affected by
catalyst quantity. A lower toluene flow rate (50—-100 ml/min) or shorter reaction time (10-30
min) leads to trees with thinner (several microns) and filamentous branches, while a higher
toluene flow rate (greater than 200 ml/min) or longer reaction time (60—120 min) produces
thicker (tens of microns) and spherical branches. Results suggest that the morphology of the
carbon trees can be adjusted by varying the reaction conditions.

1. Introduction

Branched carbon structures have been found for a long time [1] and [2]. Due to their excellent
properties and potential applications, branched carbon fibers and nanotubes have been
extensively studied [3], [4], [5] and [6]. Baker suggested that the generation of branched carbon
filament network by growing filaments onto primary fibers could create composites with unique
physical, chemical, and electronic properties, and carbon fiber’s common problems of weak
strength in the third direction could be eliminated in the composites [3]. An approximate theory
describing pull-out of fibers with tree-like structure from a matrix was developed to quantify the
effects of fractal fibers [4]. The results showed that composite materials mixed with branched
fibers had much more excellent mechanical properties than those mixed with straight fibers.
Branched carbon fibers/nanotubes were also expected to have an application as electric
conductive additive to resin or paint [5]. Recently, the electrical switching and logic
functionalities of Y-branched carbon nanotubes (CNTs) were experimentally studied [6].

Branched carbon fibers and CNTs have been generated by various methods. Shi et al. prepared
branched carbon nanofibers by an improved chemical vapor deposition (CVD) method using
ferrocene as the catalyst precursor and benzene as the carbon source [5]. Ajayan and coworkers
reported a micron-sized tree-like carbon structure produced from a flash CVD process of
methane [7] and [8]. Qiu et al. synthesized branched CNTs using the arc-discharge approach
from coal [9]. Xu et al. reported the growth of Y-junction CNTs using nanochannel alumina
template [10]. Shih et al. described the generation of branched CNTs using microwave plasma
enhanced CVD on silicon wafer [11]. Rao et al. synthesized Y-junction CNTs using Ti-doped Fe
catalysts [12].

However, most of the above methods suffer either from the complicated preparation processes or
the absence of controlled growth. Our research group has reported a simple method for the
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generation of centimeter-scaled multi-branched carbon structures namely “carbon trees” before
[13] and [14]. The structures were produced from pyrolysis of toluene with ferrocene as the
catalyst precursor, and they exhibited three-dimensionally grown dendritic and fractal structures.
The carbon trees usually grew at the thermocouple end, and a growth mechanism was proposed
to explain the carbon tree growth process [13]. Simultaneously, some tiny filamentous products
were also found on the thermocouple pole, near to the thermocouple end. Due to their small size
compared to the centimeter-scaled carbon trees, these tiny products did not attract our attention
in the past. Recently, to understand the growth of carbon trees more thoroughly, the small
filaments are carefully collected and studied. SEM images show that these products also have
multi-branched tree-like structures. The newly found structures are different from the previously
obtained carbon trees not only in the macroscopic dimension but also in the morphology. Here,
we describe the generation of these smaller carbon trees. The influences of formation conditions
such as catalyst mass, toluene flow rate, and reaction time on the tree growth and morphology
are investigated in detail.

2. Experimental

The schematic of the experimental apparatus is shown in Fig. 1. The preparation details of small
carbon trees are the same to those of the large trees [13] and [14]. Briefly, a horizontally placed
tubular quartz reactor loaded in a tubular furnace is employed in the experiment. An alumina-
coated thermocouple is put in the tube center. Toluene is used as the carbon source and is
introduced into the reactor by argon bubbling at the room temperature. Simultaneously, another
argon flow is used to adjust the total flux passing through the reactor. The catalyst precursor
(ferrocene) placed at the low temperature part of the furnace is sublimed at about 150 °C and
then is transported to the reaction region by the two argon flows. After the reaction, the black
filamentous products are collected from the thermocouple pole, about 4-8 cm to the
thermocouple end. The standard reaction conditions are as follows: reaction temperature 1150
°C, ferrocene mass 0.1 g, the flow rate of carrier gas (argon) 1300 ml/min, the flow rate of
bubbling gas (another Ar flow) through toluene 200 ml/min, reaction time 1 h.
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Fig. 1.Schematic of the apparatus used for preparation of the carbon trees.

To study the influence of catalyst quantity on the yield of small carbon trees, the mass of
ferrocene is varied from 0 to 0.15 g. The tree yields of different catalyst quantities are calculated
by repeating the experiments under same conditions for 10 times and averaging the results. The
effect of toluene flow rate on the small carbon tree growth and morphology is investigated by
changing the flow rate of bubbling gas through the toluene from 25 to 400 ml/min. To study the
evolution process of small carbon trees, the reaction duration is varied from 10 to 120 min and
the products obtained at different reaction times are characterized by SEM. During the
investigation on the carbon tree preparation conditions, except for the above mentioned
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variations, all the other conditions are kept at the standard state. The morphologies of carbon
trees are examined using a SEM (JSM-6360LV).

3. Results and discussion
3.1. Formation and morphology of small carbon trees

Fig. 2 shows the schematic of the temperature distribution in the tube reactor and the growth
position of carbon trees. It has been mentioned that the large carbon trees were usually obtained
at the thermocouple end (see Fig. 2 and [13] and [14]). For the small trees, at most instances they
grow on the thermocouple pole, about 4-8 cm to the thermocouple end, as shown in Fig. 2. Fig.
3 is an optical photograph showing the macroscopic dimensions of the two kinds of carbon trees.
It can be seen that the large trees usually have lengths of several centimeters, even more than 10
cm. However, the length of small trees is only several millimeters. More differences between
two kinds of trees lie in their morphology. As the SEM images shown in Fig. 4, the small trees
obtained at 1150 °C have short and sphere-stacking shaped branches like coral (Fig. 4a), which is
similar to the carbon trees obtained at 1000—-1050 °C previously reported (see Fig. 4c and [14]).
However, the large trees obtained at 1150 °C have long, straight, and smooth branches (see Fig.
4b and references [13] and [14]).
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Fig. 2. Schematic of temperature distribution in the tube reactor (the interval of isothermal lines is 50 °C) and carbon
tree growth positions.

i::_________\_._:Smal] trees

Large trees

Fig. 3. Comparison of the macroscopic dimensions of large and small trees.

The growth process of the small carbon trees may be explained based on our previous
postulations [13]. According to the theory of hydromechanics [15], when the Reynolds number is
large enough, many gaseous vortices can be formed at the end of the thermocouple. The carbon
particles produced from the toluene pyrolysis are drawn to the thermocouple end by the vortices
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and act as building blocks for generating the carbon trees. At other positions of the reactor, such
as the thermocouple pole or the reactor wall, the gas flow field is not as complex as that behind
the thermocouple pole. However, the carbon particles also have chances to impinge upon these
positions and some of them may adhere there and then develop into nuclei for the carbon tree
growth. It is found that the carbon trees on the thermocouple pole are apparently smaller than
those at the thermocouple end (Fig. 3), which may be related to the difference of the gas flow
fields at different positions. On the other hand, it has been pointed out in Fig. 2 that the small
trees were usually obtained on the thermocouple pole where the temperature was about 1000—
1100 °C. Therefore, we suggest that the temperature field on the thermocouple pole may also
affect the morphology of the small carbon trees.
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Fig. 4. SEM images of several representing carbon trees: (a) small trees obtained at 1150 °C under standard reaction
conditions, (b) large trees obtained at 1150 °C, and (c) carbon trees obtained at 1000 °C.

3.2. Influence of reaction conditions on the growth and morphology of small carbon trees
3.2.1. Influence of catalyst mass on the growth of small carbon trees

Fig. 5 shows the effect of ferrocene mass on the growth of small carbon trees. In the absence of
ferrocene, no tree-like products can be obtained. When the ferrocene mass is increased in the
range of 0-0.07 g, the tree yield can be effectively enhanced. The maximum yield is obtained
with 0.07 g ferrocene. With the further addition of ferrocene quantity to 0.1-0.15 g, however, the
tree yield does not increase any more. The data in Fig. 5 indicate the indispensable role of
ferrocene in the carbon tree growth, and the quantity of ferrocene should be appropriate for
getting the maximum tree yield.
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Fig. 5. Effect of ferrocene mass on the small carbon tree yield.

3.2.2. Influence of toluene flow rate on the growth and morphology of small carbon trees

Fig. 6 shows the SEM images of carbon trees generated at different toluene flow rates. When the
flow rate of argon bubbling through toluene is 25 ml/min, no tree-like product but little carbon
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black is found on the thermocouple pole. As the bubbling gas flow rate is raised to 50 ml/min,
some tiny filamentous products are observed on the thermocouple pole. SEM observation shows
that they have branched structures (Fig. 6a). The morphology of the product obtained at 100
ml/min bubbling gas flow rate (Fig. 6b) is similar to that at 50 ml/min gas flow rate. The tree
branches under these conditions have the diameter of about 1.0-3.8 pm and show slight and
filamentous morphology. However, things change greatly when the bubbling gas flow rate is
raised to 200 ml/min. Tree branches under this gas flow rate apparently grow thicker and show
sphere-stacking pattern (Fig. 6¢). When the gas flow is increased further, the tree branches
continue to grow thicker and the spherical morphology no longer change.

Fig. 6. SEM images of the small carbon trees obtained at different toluene flow rates: (a) 50 ml/min, (b) 100 ml/min,
(¢) 200 ml/min, and (d) 400 ml/min.

Above studies imply that the morphology of carbon trees is significantly influenced by the
toluene flow rate. In the experiments, toluene is pyrolyzed to produce carbon, which deposits on
the metal catalyst surface and perform the nucleation and generation process of carbon trees.
Therefore, different toluene flow rates result in different carbon concentrations and thus lead to
the variation of carbon tree generation process and growth rate, which may cause the differences
in the carbon tree morphology.

3.2.3. Carbon tree evolution processes at standard conditions

SEM images of the carbon trees obtained at different reaction durations are shown in Fig. 7. It
can be seen that the branched structures have already been formed in the initial 10 min (Fig. 7a).
The average length of the trees obtained by 10 min reaction time is about 2 mm and the average
diameter of the branches is about 4.7 pm. The trees of 20 min reaction time have an average
length of about 3 mm and a branch diameter of about 6.7 pm. With the further increase of
reaction time, the trees grow faster. The trees obtained by 30 min reaction time have an average
length of about 5.5 mm and a branch diameter about 7.5 pm. When the reaction time is increased
to 1 h, the length of carbon trees reaches to the maximum value of about 12 mm, and the tree
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branches change from thin, filamentous structure to thicker and sphere-stacking morphology.
When the reaction time is longer than 1 h, the lengthening growth of the trees is terminated and
the branch thickening process continues.
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Fig. 7. Evolution of the small carbon trees. Reaction time: (a) 10 min, (b) 20 min, (¢) 30 min, (d) 60 min, (¢) 120
min and (f) average length and diameter of the carbon trees at different reaction times.

The variation processes of the small carbon tree morphology at different reaction durations are
quite similar to that at different toluene flow rates. Lower toluene flow rate (50—100 ml/min) and
shorter reaction time (10—30 min) lead to the carbon trees with thinner and filamentous branches,
while higher toluene flow rate (greater than 200 ml/min) or longer reaction time (60—120 min)
results in the carbon trees with thicker and spherical branches. These suggest that the
morphology of carbon trees can be adjusted through the variation of the reaction conditions.

4. Conclusions

Smaller multi-branched carbon trees have been successfully prepared on the thermocouple pole
in a catalytic CVD process of toluene at 1150 °C using ferrocene as the catalyst precursor. We
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suggest that it is the gas flow field and the lower temperature distribution (1000-1100 °C) on the
thermocouple pole that determines the growth process and the morphology of small carbon trees.
The yield of carbon trees is greatly affected by the catalyst quantity, and the maximum yield is
obtained with the ferrocene mass of 0.07 g. The carbon trees with thinner (several microns) and
filamentous branches can be prepared when the toluene flow rate is lower than 200 ml/min or the
reaction time is ranged at 10—30 min. On the other hand, the trees with thicker (tens of microns)
and spherical branches can be obtained when the toluene flow rate is higher than 200 ml/min or
the reaction time is longer than 1 h. These results enable us to prepare the branched carbon
structures according to the desired sizes and morphologies.
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