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Abstract— Single-walled carbon nanotubes (SWCNTs), multi-
walled carbon nanotubes (MWCNTs), and carbon nanofibers 
(CNFs) in hybrid structures were synthesized on austenitic 
stainless steel substrates (Type:304).  The formation of 
nanoparticles on substrates occurred under hydrogen gas (H2)
with temperature of 720 oC. The effects of reductive heat 
treatment on the growth of carbon nanostructures at  15, 45, 60, 
75 and 80 minutes were examined with scanning electron 
microscope (SEM), transmission electron microscope (TEM), X-
ray diffractrometer (XRD) and thermogravimetric analysis 
(TGA). The samples were synthesized using thermal chemical 
vapor deposition (Thermal CVD) under atmospheric pressure of 
acetylene gas (C2H2). The combination of carbon nanotubes and 
carbon nanofibers in hybrid structure was synthesized on a 
substrate using a long time to adjust the surface by heating 
treatment. The hybrid structure of carbon could not be observed 
when used in surface treatment time was 80 minutes. Shorter 
(<45 min) or longer (>75 min) substrate heat treatments did not 
produce hybrid carbon nanostructures at this temperature. 

Keywords— hybrid nanostructure, chemical vapor deposition, 
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I. INTRODUCTION 
Carbon nanotubes and carbon nanofibers are discussed as 

excellent materials due to their spectacular physical, chemical 
and mechanical properties. The techniques used for the growth 
of any carbon nanostructures are arc discharge [1], chemical 
vapor deposition (CVD) [2-7], and laser ablation [8]. Thermal 
chemical vapor deposition has been accepted as a 
advantageous method for the large-scale synthesis of CNTs 
and CNFs. This is because thermal CVD can be performed 
continuously due to the active supply of both carbon source 
and catalysts. Furthermore, it can be managed at relatively low 
temperatures (600–1000 oC). Stainless steel (SS) plate has 
been proposed as cost-effective dual purpose substrates and 
catalysts [9-12]. Stainless steel contains transition metals (iron, 
nickel, etc.) which are well-documented to be effective 
catalysts for CNT growth [13–14]. For instance, type 304 SS 

is readily available and reason-ably purchased, its application 
as catalyst is of technological interest to CNT manufacturing 
[15,16]. However, the systematic study of the pretreated 
duration effect on the growth of hybrid carbon nanostructures 
is still not much documentary reported.  

This study illustrated the heat pretreatments of 304 
stainless steel substrates under reducing environments (such as 
hydrogen gas). The growth of hybrid carbon nanostructures 
was directly synthesized on stainless steel surfaces without 
additional catalysts. The results demonstrated an appropriate 
method to activate the 304 stainless steel substrate in 
controllable carbon nanostructures. 

II. MATERIALS AND METHOD 

A. Preparation of samples 
Austenitic stainless steel substrate (Type:304) with an area 

of  6 cm2 was used as a catalytic substrate for the growth of 
carbon nanostructures. The substrate was cleaned using 
99.99% of methanol. Then, it was placed into a stainless steel 
chamber of thermal CVD system with pressure less than 10-2 
mbar using a rotary pump (Acatel, 2012). To achieve 
conversion of hydrocarbon gas to carbon nanostructures, a 
tubular furnace (Nabertherm, R13) was used as a heating 
source. Argon gas (Ar) was fed into the chamber with flow 
rate of 50 standard cubic centimeters per minute (sccm) while 
waiting for the chamber to heat up to prevent the oxidation on 
the surface of samples. Acetylene gas (C2H2) with a flow rate 
of 160 sccm was thermally pyrolyzed inside an electric tubular 
furnace at 720 oC. Pyrolysis occurred in hydrogen gas (H2) 
with a flow rate of 200 sccm, as reductive gas and formation-
supported of catalytic nanoparticles. Growth of carbon 
nanostructures occurred on a catalytic substrate at reductive 
heat treatment time of 15, 45, 60, 75 and 80 minutes, 
respectively. Effects of reductive heat treatment time on the 
growth of carbon nanostructures were examined with SEM, 
TEM, XRD and TGA. 
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B. Characterization 
Scanning electron microscope (SEM, Quanta 450 FEI) 

installed with energy dispersive spectroscopy (EDS) was used 
to investigated the morphology and elemental composition of 
samples. The voltage and the current during operation was 30 
kV and 10 μA, respectively. The working distance of 6.7 mm 
and 12 mm were used for SEM imaging and EDS analysis, 
respectively. Transmission electron microscope (TEM, Hitachi 
HT 7700) was conducted using an accelerating voltage of 120 
kV and a current of 60 μA to explore the structure of 
synthesized CNTs. The samples were sonicated with ethanol 
and dropped on a copper grid. And then the samples were 
taken into a holder of microscope. X-ray diffractometer (XRD, 
Bruker D8 Advance) was used to determine the crystal 
structure of materials. The samples were scanned over the 
diffraction angle 2� of 10 to 80 degrees. The scanning speed 
was set at 3 degree/min and in step of 0.02o. The incident       
X-ray wavelength was 1.54 angstrom (Cu anode) with the 
voltage and the current of 40 kV and 40 mA, respectively.                        
Thermogravimetric analysis (TGA, NETZSCH TG 209F3) 
was used to investigate the thermal properties of samples with 
a mass of 10 mg. The heating rate was 20 oCmin-1 under  
nitrogen flow. The temperature was increase from 25 to      
900 oC. 

 

 
Figure 1. Schematic diagram of thermal CVD chamber. 

 

III. RESULTS AND DISCUSSION 
A. Effect of reductive heat treatment on the morphology of 

substrate surface 

The substrate surface is directly involved in CNTs growth. 
Hydrogen gas was used as reductive pretreatment gas for self-
supporting in growing carbon nanotubes. Figure 2(a) shows a 
smooth surface without any surface pretreatment for 
comparison with other conditions. The top layer of the surface 
was exposed at high temperature shown in figure (b-f). The 
formation of catalytic particles occurred on the surface with 
heat treatment time of 15 min as shown in figure 2(b). The 
surface was more exposed and smaller catalyst particles 
formed in the heat treatment time for 45 minutes and 60 
minutes, respectively. The small particles were merged 
together into a larger catalytic size at the heat treatment time 
of 75 and 80 minutes. 

The investigation of the evolution of surface morphology 
with reductive heat treatment duration, the surface chemical 
composition was also examined by EDS analysis (Fig.3).      
The mass concentration of Cr, Mn, Fe and Ni did not obvious 
changes upon reductive heat treatment. The mass concentration 
of oxygen showed a remarkable decrease, such an decrease is 
attributed to the oxidation of surface at high temperature. 

 

 
Figure. 2 SEM images of stainless steel substrates after reductive heat 
treatment of (a) 0 min, (b) 15 min, (c) 45 min, (d) 60 min, (e) 75 min and (f) 
80 min. 
 

 
Figure. 3 EDS spectra of stainless steel substrates after reductive heat 
treatment of (a) 15 min, (b) 75 min.  
 

B. Effect of reductive heat treatment on the growth  of  carbon 
nanostructures. 

 Carbon nanostructures did not form on a SS without any 
pretreatment. The single structure of MWCNTs was observed 
only in the condition of heat treatment for 15 min. The 
appearance of carbon hybrid structures such as CNTs and 
CNFs was observed on SS with heat treatment of 45 min, 60 
min and 75 min. The pure CNFs were grown on substrate for 
reductive heat treatment conditions of 80 min. Figure 4 showed 
the structural change from nanotubes structure into nanofibers 
structure.  
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The low magnification of TEM images (see Fig. 5a and 5b) 
clearly showed the single-walled and multi-walled structures of 
carbon nanotubes grown on CNFs as hybrid structures. 
Additionally, the quality of the hybrid structures was examined 
using XRD (Fig.5C). XRD reveals a significant degree of 
graphitization and metal catalytic crystals. 

The yields and the structures of the synthesized carbon 
products were readily controlled by simply varying the 
reductive heat treatment durations. The catalytic particles 
across each other on their moving path, they might fuse 
together to form a larger catalytic particle, which would then 
catalyze the growth of a resulting carbon. 

The collected carbonaceous material was further examined 
by TGA. As shown in Fig. 7, a rather slow weight loss was 
evident until 550 oC, after that a rapid decline was appeared 
until oxidation was completed at 780 oC. 

 

 
Figure. 4 SEM images of carbon nanostructures for reductive heat treatment of 
(a) 15 min, (b) 45 min, (c) 60 min, (d) 75 min and (e) 80 min. 

 

 
Figure. 5 (a-b) TEM images of hybrid carbon nanostructure after reductive heat 
treatment of 75 min and (c) XRD spectrum. 

 
Figure. 6 Schematic representations of the growth processes of various carbon 
structures for reductive heat treatment of (a) 15 min, (b) 45 min, (c) 60 min and 
(d) 80 min. 

 

 
Figure. 7 TGA plot of synthesized carbon nanostructures. Reaction occurred in 
air at a heating rate of 20�C min�1. 

 

IV. CONCLUSION 
In summary, it has been proven possible to activate the 

surface of the 304 stainless steel using reductive heat 
treatments, in hydrogen gas at 720�C. The stainless steel was 
used as both a substrate and a catalyst to produce various 
carbon nanostructures. The pretreatments such as etching and 
reduction with hydrogen gas of the substrates were necessary. 
Acetylene gas was used as a carbon containing gas for growth 
of carbon products. The structures of the resulting carbon, such 
as nanotubes, nanofibers and hybrid structures were clearly 
manipulated by simply chanceful reductive heat treatment 
durations. This finding may open a new alternative way of 
synthesizing a variety of carbon nanostructures with future 
technological importance. 
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