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Abstract 

Centimeter-size multi-branched tree-like carbon structures have been generated by the catalytic 
chemical vapor deposition of toluene using ferrocene as the catalyst precursor and investigated by 
means of SEM, TEM, and EDX. It is found that a temperature of 1000–1200 °C and a carrier gas flow 
rate of 1000–2500 ml/min are necessary for the generation of the carbon trees. Their morphologies and 
microstructures change greatly with the changing reaction conditions. The fractal dimensions of the 
trees are calculated to quantitatively investigate the influence of different reaction temperatures on the 
morphologies.  
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1. Introduction 

Chemical vapor deposition (CVD) is a versatile route suitable for the production of coatings, powders, 
fibers, and monolithic components [1]. Most metals, many nonmetallic elements such as carbon and 
silicon as well as a large number of compounds including carbides, nitrides, and oxides can be 
produced by the CVD process [1]. The CVD of hydrocarbons is a traditional and still powerful method 
for the preparation of many kinds of carbon materials such as vapor-grown carbon fibers (VGCFs) [2], 
carbon nanotubes [3], and metal-encapsulated carbon nanoparticles [4]. 

Recently, different routes including the CVD process have been applied to produce branched and 
fractal carbon fibers due to their potential applications as reinforcements in composite materials. Zhou 
et al. developed an approximate theory describing the pull-out of fibers with fractal-tree structure from 
a matrix to quantify the effects of fractal fibers [5]. Their results showed that composite materials 
mixed with fractal fibers exhibited much more excellent mechanical properties than those mixed with 
wire-like fibers. Shi et al. prepared branched carbon nanofibers by an improved CVD method using 
ferrocene as the catalyst precursor and benzene as the carbon source [6]. Ajayan et al. reported a 
micrometer-size tree-like carbon structure produced from a flash CVD process of methane [7] and [8]. 
Shimizu et al. reported the generation of a cedar-tree-forest carbon structure by the DC plasma assisted 
hot filament CVD [9]. The tree-like structure was formed by the self-assembling of carbon nanotubes, 
while the nanotubes themselves were not branched. Terranova et al. described the tree-like carbon 
nanostructures generated by the action of atomic hydrogen on glassy carbon [10]. Murooka et al. 
found that hot carbon nanoparticles could be assembled into a tree-like structure in the pulse-arc-
discharge process [11]. The successful preparation of these branched and tree-like carbon structures 
suggests that more complex carbon architectures can be obtained through skillful control of the 
experimental environments. 

Recently our research group reported the generation of centimeter-size tree-like carbon structures [12]. 
These structures were produced from catalytic chemical vapor deposition of toluene. The carbon trees  

 
Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4JMVHW6-1&_coverDate=09%2F30%2F2006&_alid=524528618&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=5560&_sort=d&view=c&_acct=C000003598&_version=1&_urlVersion=0&_userid=28741&md5=2d69e9d313b0eaa13549d98f05e6d96a#bib1
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4JMVHW6-1&_coverDate=09%2F30%2F2006&_alid=524528618&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=5560&_sort=d&view=c&_acct=C000003598&_version=1&_urlVersion=0&_userid=28741&md5=2d69e9d313b0eaa13549d98f05e6d96a#bib1
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4JMVHW6-1&_coverDate=09%2F30%2F2006&_alid=524528618&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=5560&_sort=d&view=c&_acct=C000003598&_version=1&_urlVersion=0&_userid=28741&md5=2d69e9d313b0eaa13549d98f05e6d96a#bib2
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4JMVHW6-1&_coverDate=09%2F30%2F2006&_alid=524528618&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=5560&_sort=d&view=c&_acct=C000003598&_version=1&_urlVersion=0&_userid=28741&md5=2d69e9d313b0eaa13549d98f05e6d96a#bib3
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4JMVHW6-1&_coverDate=09%2F30%2F2006&_alid=524528618&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=5560&_sort=d&view=c&_acct=C000003598&_version=1&_urlVersion=0&_userid=28741&md5=2d69e9d313b0eaa13549d98f05e6d96a#bib4
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4JMVHW6-1&_coverDate=09%2F30%2F2006&_alid=524528618&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=5560&_sort=d&view=c&_acct=C000003598&_version=1&_urlVersion=0&_userid=28741&md5=2d69e9d313b0eaa13549d98f05e6d96a#bib5
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4JMVHW6-1&_coverDate=09%2F30%2F2006&_alid=524528618&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=5560&_sort=d&view=c&_acct=C000003598&_version=1&_urlVersion=0&_userid=28741&md5=2d69e9d313b0eaa13549d98f05e6d96a#bib6
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4JMVHW6-1&_coverDate=09%2F30%2F2006&_alid=524528618&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=5560&_sort=d&view=c&_acct=C000003598&_version=1&_urlVersion=0&_userid=28741&md5=2d69e9d313b0eaa13549d98f05e6d96a#bib7
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4JMVHW6-1&_coverDate=09%2F30%2F2006&_alid=524528618&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=5560&_sort=d&view=c&_acct=C000003598&_version=1&_urlVersion=0&_userid=28741&md5=2d69e9d313b0eaa13549d98f05e6d96a#bib8
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4JMVHW6-1&_coverDate=09%2F30%2F2006&_alid=524528618&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=5560&_sort=d&view=c&_acct=C000003598&_version=1&_urlVersion=0&_userid=28741&md5=2d69e9d313b0eaa13549d98f05e6d96a#bib9
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4JMVHW6-1&_coverDate=09%2F30%2F2006&_alid=524528618&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=5560&_sort=d&view=c&_acct=C000003598&_version=1&_urlVersion=0&_userid=28741&md5=2d69e9d313b0eaa13549d98f05e6d96a#bib10
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4JMVHW6-1&_coverDate=09%2F30%2F2006&_alid=524528618&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=5560&_sort=d&view=c&_acct=C000003598&_version=1&_urlVersion=0&_userid=28741&md5=2d69e9d313b0eaa13549d98f05e6d96a#bib11
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-4JMVHW6-1&_coverDate=09%2F30%2F2006&_alid=524528618&_rdoc=1&_fmt=&_orig=search&_qd=1&_cdi=5560&_sort=d&view=c&_acct=C000003598&_version=1&_urlVersion=0&_userid=28741&md5=2d69e9d313b0eaa13549d98f05e6d96a#bib12


Carbon 44, p. 2254 – 2260, 2006 
 

 

have lengths of several centimeters and diameters of 2–10 mm. These trees exhibit dendritic 
structuresand show fractal characteristics formed by the lateral growth, which is obviously different 
from the VGCFs grown under similar reaction conditions. From the recent experiments, it has been 
found that the morphologies and microstructures of the carbon trees can be controlled by the variation 
of experimental conditions such as the reaction temperature and the carrier gas flow rate. In the present 
work, we investigate the influence of different reaction conditions on the carbon trees’ morphologies 
and microstructures by means of SEM, TEM, and EDX analysis. The fractal dimensions of the carbon 
trees are also calculated to quantitatively investigate the influence of different reaction temperatures on 
the trees’ morphologies. 

2. Experimental 

The synthesis of carbon trees is performed as described previously [12]. Briefly, a horizontally placed 
tubular quartz reactor loaded in a tubular furnace is employed in the experiment. An alumina-coated 
thermocouple is placed in the tube center. Toluene is used as the carbon source and is introduced into 
the reactor by argon bubbling at room temperature. The flow rate of argon is controlled at 150–200 
ml/min. Simultaneously, the catalyst precursor (ferrocene) placed at the low temperature part of the 
furnace is sublimed at about 150 °C and then is transported by another argon flow with the flow rate of 
500–2500 ml/min, which is also used to adjust the total flux passing through the reactor. The reaction 
temperature is controlled at 1000–1200 °C, and the duration is about 30–90 min. After the reaction the 
furnace is cooled to room temperature under the protection of argon. The black tree-like product can 
be collected at the end part of the thermocouple. The temperature dependence of the carbon tree 
growth is studied by changing the reaction temperature from 1000 to 1200 °C, while the flow rate of 
the carrier gas (argon) is kept at 1000 ml/min. The influence of the flow rate is obtained by changing 
the flux from 500 to 2500 ml/min while keeping the reaction temperature at 1150 °C. 

The morphologies and microstructures of the carbon trees are characterized by SEM (S4800 FEG, 
Hitachi), TEM (CM 200 FEG, Philips), and energy dispersive X-ray (EDX) spectroscopy analysis. 

The influence of different reaction temperatures is studied by calculating the fractal dimensions of the 
trees’ SEM images. The calculation is performed with the help of the software named HarFA, which is 
based on the “box counting method” [13]. In the box counting method, the image of a fractal object is 
covered with boxes (or squares), and then the number of boxes needed to cover the fractal image 
completely is evaluated. A logarithmical function of the box size (r, as the x-axis) and the number of 
boxes needed to cover the fractal image (N, as the y-axis) will be obtained by repeating this 
measurement with different sizes of boxes. The slope D of the linear portion of the function log N(r) = 
D(log (1/r)) + log k is assumed to be the box dimension, which is taken as an appropriate 
approximation of fractal dimension [13]. 

3. Results and discussion 

The SEM images of the carbon trees grown at different temperatures are shown in Fig. 1. It can be 
seen from the figure that the morphologies of carbon trees are greatly influenced by the reaction 
temperature. The carbon products obtained at 1000 °C and 1050 °C look more like coral (Fig. 1a and 
b). One cannot find straight and tree-like branches in the carbon structures. On the contrary, the 
products seem to be formed by the random and simple deposition and aggregation of carbon spheres. 
These characteristics may further confirm the formation mechanism of the carbon trees [12]. When the 
reaction temperature is raised to 1100 °C (Fig. 1c), however, the multi-branched tree-like carbon 
structures appear. The branches become straighter, smoother, and longer, which demonstrates the great 
influence of reaction temperatures on the morphologies of the tree branches. The diameter of the tree 
branches at 1100 °C is about 8–10 μm. The tree branches show observably spherulitic nodules because 
they are formed by the aggregation of the microspheres [12]. With further increase of the reaction 
temperature, the tree branches continue to become smoother, longer, and thinner (see Fig. 1d and e). 
The diameter of the tree branches at 1150 °C and 1200  C is about 5–6 μm.  
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Fig. 1. SEM images showing the temperature dependence of the morphologies of carbon trees while keeping the 
flow rate of the carrier gas at 1000 ml/min. Temperatures are 1000  C (a), 1050 °C (b), 1100 °C (c), 1150 °C (d), 
and 1200 °C (e), respectively. And the temperature dependence of the fractal dimensions of the SEM images of 
the carbon trees (f). The white rectangles in (a) and (d) indicate the area for the EDX analysis shown in Fig. 2. 

The influence of reaction temperatures on the trees’ morphologies can be explained as follows. As 
suggested in the previous paper, the carbon trees grow via the aggregation of carbon microspheres and 
subsequent restructuring processes [12]. At 1000 °C (or 1050 °C), a great deal of carbon nanoparticles 
aggregate through collision and then deposit on the thermocouple surface and form the coral-like 
carbon structures. However, the temperature is still not high enough for the carbon architectures to 
restructure and form fine morphologies. Therefore, the trees grown at 1000 °C and 1050 °C look like 
rough architectures of carbon spheres. When the reaction temperature is raised to about 1100 °C, the 
carbon microspheres coalesce with each other more sufficiently. The rough tree branches begin to 
perform the restructuring process, and then the smooth and fine morphologies are formed. With the 
further increase of the reaction temperature (1150–1200 °C), the nodular branches become relatively 
smooth due to the restructuring of tree surfaces. 

The temperature dependence of the carbon trees’ fractal dimension is shown in Fig. 1f. It can be found 
from the figure that the fractal dimension decreases with the increase of the reaction temperature. 
Generally, the fractal dimension can be used to describe the roughness of fractal surfaces [13]. The 
fractal object usually has a bigger fractal dimension for a rougher surface, and a smaller fractal 
dimension for a smoother surface. It has been known from the SEM images in Fig. 1 that the carbon 
trees grown at lower temperatures (1000–1050 °C) have relatively rougher surfaces, therefore, the  
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trees have relatively bigger fractal dimensions. Correspondingly, the trees grown at higher 
temperatures (1100–1200 °C) show smaller fractal dimensions because they have smoother surfaces 
due to the restructuring of tree surfaces. 

The microstructures of the carbon trees at different temperatures have also been studied. The EDX 
spectra (taken in the area indicated by rectangles in Fig. 1a and d) are shown in Fig. 2. It can be seen 
that Fe element is detected from the tree by EDX when the reaction temperature is 1000 °C (Fig. 2a). 
However, no Fe is detected from the trees obtained at 1150 °C (Fig. 2b). The reason can be found in 
Fig. 3, which shows the TEM images of cross sections of the trees obtained at different temperatures. 
At the cross section of the trees obtained at 1000 °C, Fe element can be found widely distributed in the 
tree branches (Fig. 3a). However, in the tree branches obtained at 1150 °C, Fe element can be found 
only in the central part of the cross sections (see Fig. 3b). In EDX analysis, electron beams can only 
penetrate through quite finite depth of the sample surface. In the carbon trees obtained at 1000 °C, Fe 
element is distributed in a wide area, also in the part near the surface. However, in the carbon trees 
obtained at 1150 °C, Fe has diffused into the central part of the tree branches and is relatively far from 
the trees’ surface.  

 

                      
Fig. 2. EDX spectra of the surfaces of carbon trees at different temperatures: (a) 1000  C and (b) 1150 °C. 

 

                           
Fig. 3. TEM images of the cross sections of the carbon trees obtained at different temperatures: (a) 1000 °C and 
(b) 1150 °C. 

The influence of the reaction temperature on Fe distribution in carbon trees is suggested as follows. 
Under the reaction conditions, Fe nanoparticles formed by ferrocene decomposition are transported to 
the isothermal zone of the reactor by the carrier gas and are encapsulated by deposited carbon from the 
pyrolysis of toluene, and the Fe-encapsulated carbon nanoparticles are thus formed. These 
nanoparticles collide with each other and aggregate into carbon spheres with the size of several 
microns. The microspheres deposit on the thermocouple end and form the tree-like structures. At 
reaction temperatures of 1000 °C and higher, the iron particles encapsulated in the carbon shells are 
quite active and tend to escape from the carbon shells [14]. These escaped iron particles fuse with each 
other and perform the enrichment process. Due to the relatively higher density compared to carbon, the  
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iron particles concentrate to the central part of the tree branches. Obviously, higher temperatures lead 
to more complete enrichment, as seen in Fig. 3. 

High-resolution TEM images of the carbon trees (Fig. 4) reveal that the graphite lattice fringes at 
different reaction temperatures (1000 °C and 1200 °C) almost have a same value of 0.34 nm, which is 
close to that of the graphite plane (002). This suggests that the difference in the present reaction 
temperature does not significantly affect the graphitization degree of the carbon trees. From the sample 
obtained at 1000 °C, a lot of nanoparticles containing iron cores can easily be observed, as shown in 
Fig. 4a. This result further confirms that the trees are formed by an assembly of iron-encapsulated 
carbon nanoparticles. For the sample obtained at 1200 °C, however, the TEM observation reveals that 
most carbon nanoparticles have no iron cores, as shown in Fig. 4b. In addition, there are obvious voids 
in the nanoparticles’ center, and this may indicate that the iron cores have escaped from the 
nanoparticles. This is also consistent with the above TEM and EDX analysis results, in that the Fe has 
escaped from the carbon nanoparticles and concentrated to the central part of the tree branches at 
higher reaction temperatures.  

                           
Fig. 4. High-resolution TEM images of the carbon trees obtained at different temperatures: (a) 1000 °C and (b) 
1200 °C. 

The SEM images of the carbon trees generated at different flow rates of carrier gas are shown in Fig. 
5. It can be seen that no tree-like structures but ordinary vapor-grown carbon fibers are produced when 
the flow rate is 500 ml/min (Fig. 5a). However, when the flow rate is raised to 1000 ml/min, the 
dendritic structures appear (Fig. 5b). The variation of the morphologies of the products at different 
flow rates suggests that the suitable flow field of carrier gas is quite necessary for the generation of the 
carbon trees. It also can be seen from Fig. 5f that the diameters of the tree branches are obviously 
influenced by the flow rate; the diameter increases when the flow rate is raised. 

The influence of the flow rate on the growth of the carbon trees is proposed as follows. As suggested 
in the previous paper, the growth of the carbon trees is related to the special flux field behind the 
thermocouple end [12]. Many gaseous vortices may appear behind the thermocouple when the flow 
rate is large enough. The carbon nanoparticles near the thermocouple end are carried into the vortices. 
These nanoparticles collide with each other and then aggregate into microspheres. The carbon trees are 
formed when these microspheres are carried to the thermocouple end by the carrier gas flow and 
perform the deposition and aggregation processes. Therefore, the trees cannot grow when the flow rate 
is not large enough because not many building blocks (the carbon microspheres) can be generated at 
low gas flow rates. On the other hand, the collision among the carbon spheres is more frequent and 
more violent in a flux field with large flow rate. As a result, more carbon spheres and more collision 
opportunities make it possible to form thicker and stronger tree branches. 
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Fig. 5. SEM images showing the flow rate dependence on the morphologies of carbon trees while keeping the 
reaction temperature at 1150 °C. The flow rates are 500 ml/min (a), 1000 ml/min (b), 1500 ml/min (c), 2000 
ml/min (d), and 2500 ml/min (e), respectively. And the diameters of the carbon tree branches at different flow 
rates of carrier gas (f). 

4. Conclusions 

Centimeter-size multi-branched carbon trees have been prepared from the catalytic chemical vapor 
deposition of toluene at a reaction temperature of 1000–1200 °C and a carrier gas flow rate of 1000–
2500 ml/min. The carbon trees grown at lower temperatures (1000–1050 °C) usually show rougher 
and spherical branches and have larger fractal dimensions; however, the trees obtained at higher 
temperatures (1100–1200 °C) usually exhibit smoother, longer, and thinner branches and have smaller 
fractal dimensions. The reaction temperature also affects carbon trees’ microstructures and lead to the 
concentration of iron in the central part of the tree branches. The carrier gas flow rate has an obvious 
influence on the tree branches. A smaller carrier gas flow rate results in thinner branches and a larger 
one in thicker branches.  
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