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In the present paper we report the simultaneous synthesis of single-walled carbon nanotubes 
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) by spray-pyrolysis, a type of 
chemical vapour deposition (CVD) method. The technical characteristics of the home-made 
experimental set-up are given. The synthesis involves the spray-pyrolysis of ferrocene 
(Fe(C5H5)2) in benzene (C6H6) solution in Ar atmosphere. The effects of the following 
characteristic parameters of the spray-pyrolysis process were studied: the temperature in the 
reaction tube, the ferrocene concentration, and the flow-rate of the ferrocene-benzene solution. 
The obtained samples (carbonaceous material deposited on the walls of the reaction tube) 
were analysed by Transmission Electron Microscopy (TEM) and Scanning Tunneling 
Microscopy (STM). From the obtained TEM and STM images we concluded that the best 
values of the studied parameters, regarding both the quality and quantity of the as grown 
carbon nanotubes, are: (i) ferrocene concentration -  3 g ferrocene in 50 ml benzene; (ii) flow-
rate of the ferrocene-benzene solution – 1 ml/min; (iii) reaction tube temperature in the 875–
925 oC range. 
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1. Introduction 
 
 In the past decade since the first observation by Iijima [1] of multi-walled carbon nanotubes 

(MWCNT) an explosive development took place in the field of carbon nanotube (CNT) science based 
on efforts of scientists from various fields of physics, chemistry and materials science. The increase of 
the interest for these nanostructures is related to their exciting electronic and mechanical properties [2, 
3,4]. The three main directions envisaged for practical applications of carbon nanotubes are: a) 
nanoelectronics [5]; b) field emission based devices and flat panel [6]; c) carbon nanotube reinforced 
composite materials [7]. The recent years brought impressive breakthroughs towards practical 
applications in the field of nanoelectronics: logic gates assembled from nanowires [8] and carbon 
nanotube based logic circuits [9] and in the field of field emission devices: the achievement of a 
lighting element with cylindrical geometry [10].  

 No realistic attempt to exploit the potential benefits of the practical applications of carbon 
nanotubes is possible without the ability of producing large amounts of carbon nanotubes at 
commercially viable prices. In the last decade three main methods were used for the production of 
carbon nanotubes, two high temperature methods: the electric arc method [11] and the laser ablation 
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method [12], and a lower temperature method, the chemical vapour deposition method (CVD), based 
on the decomposition of hydrocarbons in the presence of transition metal catalysts [13]. The high 
temperature methods produce CNTs with better structural quality, but the feasibility of their industrial  
up-scaling is questionable, and the price of the product is high. Several variations of the CVD method 
are suitable for industrial up-scaling and allow low cost production. The production price is strongly 
related with the amount of live labour needed to carry out the growth and the purification. Therefore, 
those methods are the most promising ones which do not need a catalyst synthesis step, l ike the spray-
pyrolysis method [14], and necessitate a minimal of purification after growth. 

 The major advantage of the spray-pyrolysis method consists in the direct and continuous 
generation of catalytic particles throughout the entire growth cycle. The generation of the fresh 
catalytic particles prevents the formation of large amounts of amorphous carbon – which would 
necessitate tedious puri fication steps – taking place usually after the complete enclosure in nanotubes 
or graphitic nanoparticles of the catalytic particles existing at the beginning of the reaction. On the 
other hand, as the catalyst particles are generated in-situ, the fine tuning of the spray and temperature 
parameters is of paramount importance to fully benefit from the advantages of the method. In the 
present paper we investigated the influence of various parameters as: temperature, ferrocene 
concentration and ferrocene in benzene solution flow-rate on the quality and quantity of the nanotubes 
grown by spray-pyrolysis. 

 
 

  2. Experiment 
 

  2.1. Experimental setup 
 

  The scheme of our home-made experimental spray-pyrolysis set-up used for the synthesis of 
carbon nanotubes is represented in Fig. 1.  

 One of the most important components of this experimental set-up is the sprayer (atomiser). 
The scheme of this sprayer is given in Fig. 2. The sprayer consists of a pyrex nozzle (capil lary end of 
the inner tube) having an inner diameter of 0.65 mm, and an outer pyrex tube which has an exit 
diameter of 2 mm. This outer tube directs the carrier gas-flow (Ar) around the nozzle.  

 
Fig. 1. Scheme of the home-made spray-pyrolysis set-up for the synthesis of carbon 
nanotubes. 1-Ar gas inlet; 2-container for the solution of ferrocene in benzene; 3-
solution flow-meter; 4- Ar gas flow-meter; 5- Ar gas cylinder; 6- alumina tube; 7- 
porcelaine tube; 8- thermal and electrical insulation; 9- heating  element;  10- quartz 
tube;   11- autotransformer;  12- Pt-Pt(Rh)  thermocouple;  13- teflon tube; 14- rubber  
                                                     tubing; 15- outlet to the air. 
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               The inner tube of the sprayer is attached at one end to the solution (ferrocene dissolved in 
benzene) container. The other end of the nozzle is fixed to a quartz tube (reactor) by means of a 
polished glass-to-glass connection. The quartz tube has an inner diameter of 20 mm and it is placed in 
a 300 mm long electrical furnace. The quartz tube plays also the role of the support for reaction 
products which appear by pyrolytic decomposition of the starting materials (benzene and ferrocene). 
The used electrical furnace is able to assure a uniform temperature up to 1200 °C.  

 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Scheme of the sprayer (atomizer). 1-Ar-gas inlet; 2- solution inlet; 3-tightening; 4- 

polished glass-to-glass connection; 5,6-inner and outer pyrex tube. 
 
 

  2.2. Experimental procedure 
 
 The container is filled with the ferrocene in benzene solution of a given concentration. In the 

meantime the reactor is flushed with Ar gas in order to eliminate the oxygen from the reaction 
chamber, and is preheated to temperatures between 750 and 1000 °C by means of the electrical 
furnace. The Ar flow-rate is set at a desired value, than the ferrocene in benzene solution is released 
and pulverized into the sprayer by the Ar gas flowing around the nozzle. The solution flow-rate is 
adjusted at the desired value. The spraying time lasted usually between 30 and 120 minutes, 
depending on the solution flow-rate. The temperature of the furnace was maintained at the preset 
temperature for additional 15 min. in order to anneal the reaction products. After this step, the reactor 
was cooled gradually to room temperature. Numerous pyrolysis experiments were carried out 
exploring the effect of the furnace temperature, the ferrocene in benzene solution flow-rate and the 
concentration of ferrocene in benzene. 

 The summary of these experiments is given below in Table 1. 
 Controlling the values of these parameters, we tried to produce carbon nanotubes with good 

quality and in high percentage. The carbonaceous material deposited on walls of the quartz tube inside 
the furnace was collected and analysed by Transmission Electron Microscopy (TEM) and Scanning 
Tunneling Microscopy (STM). 

 The effect of catalyst (ferrocene) concentration in benzene was studied between 1.5 and 4.5 g 
ferrocene in 50 ml benzene, while the solution flow-rate, the Ar flow-rate and the temperature of the 
reactor were held at constant values (see Table 1). 

 The influence of the temperature of pyrolysis was investigated between 775 and 975 °C. In 
this case, the solution flow-rate, the Ar flow-rate and the ferrocene concentration in benzene had 
constant values. 

 We examined also the influence of the solution flow-rate in the 0.5–3 ml/min range, while the 
other three parameters were set to be constants. 

 
 

3. Results 
 

 On the basis of TEM images it was possible to select those values of the investigated 
parameters at which we have obtained the best samples regarding the quality as well as the quantity of 
the carbon nanotubes. These values are: ~3 g ferrocene in 50 ml benzene catalyst concentration,            
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~1 ml/min solution flow-rate, 875–925°C temperature range. The Ar (carrier gas) flow-rate was 
unmodified, 500 l/h. 

 In Figs. 3–7, we present TEM and STM images of some characteristic samples. 
 
 

Table 1. Parameters investigated for the studied samples. 
 

Catalyst (ferrocene) 
concentration effect 

Solution flow-rate effect Pyrolysis temperature effect 

other parameters: 
 

solution flow-rate 

 minml1  

temperature C
�

875  

Ar gas flow-rate hl500  

other parameters: 
 

catalyst concentration 

 benzene50

ferrocene3

ml

g
 

temperature C
�

875  

Ar gas flow-rate hl500  

other parameters: 
 

solution flow-rate 

minml1  

catalyst concentration 

 benzene50

ferrocene3

ml

g
 

Ar gas flow-rate hl500  

 
 
 
 
 
 

sample 

catalyst quantity ( )g  

in ml50  benzene 

 
 
 
 
 
 

sample 

solution flow-rate 
( )minml  

 
 
 
 
 
 

sample 

temperature 

( )C
�

 

S1 4.5 S6 0.5 S11 825 
S2 1.5 S7 2 S12 925 
S3 2.5 S8 1 S13 975 
S4 3.5 S9 3 S15 775 
S5 1.5 S10 0.5 S8 875 

 
 
    XRD measurements indicate that beside the carbon nanotubes, the mean byproducts are Fe 

and Fe3C particles. The samples also contain a small amount of amorphous carbon. In all cases it can 
be observed that the so obtained carbon nanotubes are filled partially by the catalyst. The mentioned 
byproducts can be eliminated by heating the samples in dilute nitric acid for several hours, than a 
heating in distilled water, and finally washing the sample several times with distilled water. The result 
of this purification process can be observed by the comparison of the TEM images given in Fig. 4 a) 
and b), for the sample S8. As it is seen, the purification process does not affect the catalysts 
encapsulated in the carbon nanotubes. 

   The STM images, like in Fig. 6, justify that beside the MWCNTs, in the obtained samples 
there are SWCNTs also, especially in the samples prepared at higher temperatures. Also a common 
feature obtained in the samples is the so-called CNT bundle, shown in Fig. 7, which consists of 
several parallelly placed, adhered CNTs. 

         
              a)                                                   b)    

Fig. 4.  Characteristic TEM images of samples S8 a) before and 
b) after the purification treatment. 

 
 

Fig. 3.  Characteristic TEM image 
of sample S4. 
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Fig. 5. Characteristic TEM images of sample S9 before the purification treatment. 
 
 

  4. Discussion 
 

  The investigation of several parameters governing the growth of the nanotubes showed that 
by the careful tuning of these parameters the growth can be controlled and optimal conditions can be 
found, which allow the growth of a product constituted mainly of well aligned carbon nanotubes, with 
very little unwanted byproducts. By careful evaluation of a large number of TEM images, like in           
Fig. 5 b), using statistical procedures to find the characteristic nanotube diameters [15], it was 
possible to show that when using ferrocene concentrations of the order of 3 g/50 ml, in the 
temperature range of 850 – 950 °C, the diameter of the grown tubes shows a bimodal distribution 
(namely a gaussian distribution consisting of two peaks) as reported earlier by Singh et al. [16], with 
typical outer diameters in domain of 20 and 60 nm. This bimodal distribution vanishes by the decrease 
of the ferrocene concentration or by the increase of the growth temperature. It is found that with 
increasing growth temperature the maximum of the diameter distribution is shifted towards smaller 
diameters. In the samples grown at the highest temperatures used in the present work a small fraction 
of single-walled carbon nanotubes was found by careful STM examination, Fig. 6. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 6. STM image of a single-walled and a multi-walled carbon nanotube. 
 
 

 It has to be pointed out that the measured height values for these tubes believed to be 
SWCNTs is in the same range as the values measured on samples composed only from SWCNTs. 
Similar findings have been reported earlier by [17], however, in a subsequent experiment carried out by the 
Rice-group [18,19] the SWCNTs were not found. The possible explanation of these controversial findings 
might be the relatively small fraction of SWCNTs in the samples. On the other hand it has to be 

      
         a)                                              b)  
    

Surface distance    41.984 nm 
Horiz distance (L) 35.156 nm 
Vert distance         19.858 nm 
Angle                     29.460 o 
Surface distance     9.804 nm 
Horiz distance        9.766 nm 
Vert distance          0.788 nm 
Angle                      4.611 0 
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emphasised that the growth of SWCNTs by the CVD method using heterogeneous catalysis [20] also 
necessitates temperatures around 1000 °C. 
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Fig. 7. STM image of a bundle of CNTs. 

Surface distance    20.184 nm 
Horiz distance (L) 18.457 nm 
Vert distance         6.796 nm 
Angle                     20.213 o 
 


