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Abstract:    In this study, the surface chemical properties of carbon nanotubes (CNTs) and carbon nanofibers (CNFs) grown by 
catalytic decomposition of methane on nickel and cobalt based catalysts were studied by DRIFT  (Diffuse Reflectance Infrared 
Fourier Transform) and transmission Infrared (IR) spectroscopy. The results show that the surface exists not only carbon-hydrogen 
groups, but also carboxyl, ketene or quinone (carbonyl) oxygen-containing groups. These functional groups were formed in the 
process of the material growth, which result in large amount of chemical defect sites on the walls. 
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INTRODUCTION 
 

Carbon nanotubes (CNTs) and carbon nanofibers 
(CNFs) are very promising materials. They are of a 
great potential to be used as adsorbent, catalyst sup-
port and polymers enhancing materials capacity 
(Popov, 2004; Srivastava et al., 2003; Qian et al., 
2002). Many techniques have been developed to 
synthesize CNTs, such as arc-discharge, laser ablation 
of graphite and catalytic chemical vapor deposition 
(CCVD). Arc-discharge and laser ablation of graphite 
are used for producing single-walled nanotudes, while 
CCVD methods are widely used for the synthesis of 
multi-walled CNTs and CNFs in a large scale. 
Therefore, the materials produced are more applicable 
as catalyst support and composite materials (de Jong 
and Geus, 2000; Serp et al., 2003; Nhut et al., 2003; 
Ros, 2002; Rodriguez, 1993; Thostenson et al., 2001; 
Zhao et al., 2007; Bezemer et al., 2006; Pawelec et al., 
2006; Garcia et al., 2006). These applications are 
closely related to the surface chemical properties of 
CNTs or CNFs and knowledge on the surface chemi-
cal properties of as-grown materials is helpful to the 

exploration of applications of such materials. 
The infrared (IR) spectroscopy method has been 

adopted by many researchers to study the surface 
properties of CNTs, mainly focusing on the func-
tionalized CNTs but not so much on as-grown ones 
(Ros, 2002; Mawhinney et al., 2000; Kuznetsova et 
al., 2000; Shaffer et al., 1998; Martinez et al., 2003). 
Ros (2002) used a transmission IR instead of DRIFT 
(Diffuse Reflectance Infrared Fourier Transform) 
spectroscopy which detected the C-H groups on the 
surface and proposed that C-H groups exist on the 
surface defect sites. Jung and Jeon (2002) also de-
tected the C-H groups on the surface of CNTs, and 
proposed that there are fewer C-H groups on the 
surface of CNTs prepared by arc-discharge evapora-
tion of graphite than on that prepared by CCVD 
method. In this work, the surface chemical properties 
of CNTs and CNFs synthesized by catalytic decom-
position of methane on different metal catalysts have 
been investigated by DRIFT and transmission IR 
spectroscopies. The results indicate that many oxy-
gen-containing groups, besides the C-H groups, are 
possible to exist on the surface of CNTs and CNFs.  
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EXPERIMENTAL DETAILS 
 
Sample preparation 

Two catalysts, Ni-Cu/Al2O3 (marked 1#Cat) and 
Co/Al2O3 (marked 2#Cat) were prepared by 
co-precipitation (Li et al., 1997; 1998), while 
Co/Al2O3 (marked 3#Cat) catalyst was prepared by 
Sol-Gel technique with supercritical drying. All the 
details of the preparation process can be seen in (Piao 
et al., 2002).  

The CNTs and CNFs by catalytic decomposition 
of methane were prepared in a horizontal tubular 
reactor (Tang, 2005). The condition is as follows: for 
1#Cat, the reaction temperature was 650 °C; for 
2#Cat and 3#Cat, the reaction temperature was 550 
°C. For all the reactions, the flow rate of methane is 
80 ml/min (STP (standard temperature and pressure), 
99.9%). After the reaction, the system was cooled 
down to room temperature in N2 atmosphere (99.99% 
in purity), and subsequently the product was un-
packed from the reactor. The products prepared with 
1#Cat and 3#Cat are CNFs with a fishbone structure 
(Tang, 2005) and marked as 1#CNF and 3#CNF, re-
spectively, while the product with 2#Cat is 
multi-walled CNTs and marked as 2#CNT. 
 
Characterizations  

The TEM images were obtained on a 
JEOL-JEM-100CX II instrument operating at 200 kV. 
XRD patterns were obtained with a RIGAKU 
D/MAX-2550 diffractometer using Cu Kα radiation. 
Nitrogen physisorption was carried out using a 
Thermo Finnigan 1990 apparatus. The IR spectra were 
obtained on a Nicolet NEXUS FT-IR spectrometer. 
The mixture of CNTs (or CNFs) with KBr (American 
Spectra Tech Company) was ground in an agate 
mortar up to below 400 meshes in order to achieve the 
well dispersion of CNTs (or CNFs) in KBr.  

For DRIFT measurement, the specimens were 
submitted with a powder, and one hundred scans were 
collected with a resolution of 4 cm−1 and an MCT 
detector, using KBr as background. The transmission 
spectra were taken with a homemade stainless steel 
cell with KBr window; thirty-twain scans were col-
lected with a resolution of 4 cm−1 and a DTGS de-
tector. In order to eliminate the influence of water and 
other contaminations, both the KBr and the sample 
tablets were pretreated in situ with temperature of 80 

°C and vacuum 3×10−4 Pa for 2 h. The background of 
KBr and the atmosphere in the cell were deduced. All 
the spectra baselines were corrected.  

For comparison, the transmission spectra of the 
untreated samples were also recorded under the vac-
uum out gas condition. It is possible that the presence 
of few catalysts in CNTFs (CNTs or CNFs) result in 
the adsorption of IR. Thereby the spectra of catalysts in 
samples of CNTFs were also recorded after the catalyst 
was first reduced under the same conditions as those of 
CNTFs growth and then exposed to air.  
 
 
RESULTS AND DISCUSSION 
 
TEM, nitrogen physisorption and XRD 

Fig.1 shows the images of series samples. The 
fibres are at a length of several tens to hundreds  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1  TEM micrographs of the 1#CNF (a); 2#CNT (b)
and 3#CNF (c) 
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microns. The diameter of the fibres mainly centered 
in the range of 30~60 nm and 20~40 nm for 1#CNF, 
and 2#CNT and 3#CNF, respectively. The BET 
(Brunauer-Emmett-Teller) surface area was calcu-
lated as 73, 85 and 113 m2/g for 1#CNF, 2#CNT and 
3#CNF, respectively. The porous volume was esti-
mated at 0.14, 0.12 and 0.17 cm3/g for 1#CNF, and 
2#CNT and 3#CNF, respectively. Fig.2 shows XRD 
patterns of various fibers, exhibiting typical peaks at 
2θ=26° associated with graphite. The d002 (graphite 
layer spacing) value is 0.338 nm (1#CNF), 0.346 nm 
(2#CNT) and 0.343 nm (3#CNF), respectively. This 
value is larger than that of perfect graphite (0.336 nm), 
indicating that the graphitization degree of these fi-
bers is lower than that of perfect graphite.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DRIFT spectroscopy 
Fig.3 shows the DRIFT spectra of CNTFs in the 

2000~800 cm−1 range. The band at 1630 cm−1 can be 
assigned to the absorbed water on the KBr. Due to 
lower sample concentrations, the contamination of 
water induced by KBr absorbed is significant. For 
1#CNF, the small shoulder peak around 1581 cm−1 
can be assigned to carbon skeleton vibration of aro-
matic ring (Ros, 2002; Mawhinney et al., 2000), 
which cannot be detected on spectra of both 2#CNT 
and 3#CNF because of the water contamination. The 
band at 1460 cm−1 is assigned to CH2 or CH3 banding 
vibrations (Gomez-Serrano et al., 1999; Moreno- 
Castilla et al., 2000). Ros (2002) observed this vi-
bration at 1454 cm−1 for parallel CNFs. A very weak 
peak at around 874 cm−1 only observed for sample 
3#CNF can be assigned to isolated aromatic C-H 
out-of-plane banding vibrations.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

The 1715 cm−1 band may be associated with the 
C=O vibrations of carboxyl, lactone or ketone groups 
(Ros, 2002; Kuznetsova et al., 2000; Chen et al., 
1998). Ros (2002) observed this vibration at 1717 
cm−1 for Fishbone CNFs, but not for parallel CNFs. 
Martínez et al.(2003) also detected a very weak C=O 
vibration at 1720 cm−1 for single-walled CNTs pre-
pared by arc-discharge evaporation of graphite 
method. In the range of 1300~900 cm−1 the IR ab-
sorption gives rich information about the oxy-
gen-containing surface groups. The 1270, 1120 and 
1040 cm−1 bands may be associated with C-O or 
C-O-C vibrations of ester, ether, phenol or carboxyl 
groups. Due to the overlap of absorption bands from 
many oxygen-containing groups in this region, an 
unambiguous assignment is difficult. 

In Fig.4, the 3800~2600 cm−1 range of the 
DRIFT spectra provides more information about the 
carbon-hydrogen groups on the CNTFs. At 2922 and 
2855 cm−1 exist two stronger absorptions and at 2960 
cm−1 appears a weak peak shoulder. All of these IR 
absorption bands can be associated with CH2 or CH3 
stretching vibrations, with positions dependent on the 
structure (Moreno-Castilla et al., 1998; Marchon et 
al., 1988; Boehm, 2002; Puziy et al., 2002; Fanning 
and Vannice, 1993). Ros (2002) observed these bands 
at about 2947, 2917 and 2846 cm−1. Jung and Jeon 
(2002) observed the asymmetric stretching vibration 
that appeared at 2960 and 2930 cm−1, and the sym-
metric stretching vibration of CH2 and CH3 occurred 
at 2873 and 2862 cm−1, respectively, for CNTs pro-
duced by chemical vapor deposition method. The IR 

Fig.2  XRD patterns of 1#CNF, 2#CNT and 3#CNF
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Fig.3  DRIFT spectra of samples in the range 2000~800
cm−1 
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absorption in the range of 3600~3200 cm−1 with the 
minimum at 3424 cm−1 is associated with hydroxyl 
stretching vibration in adsorbed water or surface 
carboxylic and phenolic groups (Gomez-Serrano et 
al., 1999; Boehm, 2002; Puziy et al., 2002; Fanning 
and Vannice, 1993; Zielke et al., 1996; Aguilar et al., 
2003; Yang and Lua, 2003). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Transmission spectroscopy 
DRIFT spectroscopy is a sensitive surface tech-

nique, as the CNTFs are highly opaque which may 
induce the loss of IR light, resulting in a weak IR 
activity. Therefore we recorded the result of trans-
mission IR spectra and compared that with that of a 
DRIFT spectra. Fig.5 and Fig.6 present the transmis-
sion spectra of CNTFs in the range of 2000~800 cm−1 
and 3800~2600 cm−1 (the samples are not treated by 
out gas in cell). Compared to the DRIFT spectra, the 
stretching vibration of carbon skeleton of 1#CNF was 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
shown up at 1586 cm−1, and the positions of the other 
absorption bands are almost the same in the DRIFT 
spectra. 

Fig.7 and Fig.8 show the spectra of CNTFs in the 
ranges of 2000~800 cm−1 and 3800~2600 cm−1, re-
spectively (the samples are treated by out gas in cell 
with vacuum). Due to pretreating the samples in the 
cell, the influence of water on the spectra can be 
eliminated. The carbon skeleton stretching vibrations 
of the three samples were shown up, and strong ab-
sorptions appeared at about 1582 and 1555 cm−1, 
1582 cm−1 corresponding to 1#CNF and 2#CNT, and 
1555 cm−1 to 3#CNF. For most carbon materials, the 
carbon skeleton stretching vibrations can be found 
(Moreno-Castilla et al., 2000; Dandekar et al., 1998). 
Because of the history of carbon materials, it is pos-
sible that some heteroatoms, such as oxygen, can be 
incorporated in the structure during synthesis. The 
C=C band conjugated with adjacent C=O, results in 
the IR absorption of this band varying more strongly 
or weakly (Moreno-Castilla et al., 2000; de la Puente 
et al., 1998). For instance, Ros (2002) observed this 
band at 1570 cm−1 for parallel CNFs, while Shaffer et 
al.(1998) detected this band at 1550 cm−1 for 
multi-walled CNTs. 

Compared to the DRIFT spectra (Fig.3), it is in-
teresting that a new peak appeared at about 1652 cm−1 

(Fig.7), which can be attributed to C=O stretching 
vibration in quinine or conjugated ketone (Mawhin-
ney et al., 2000; Moreno-Castilla et al., 1998; 2000; 
Shin et al., 1997; Starsinic et al., 1983). But this in-
formation did not appear in the DRIFT spectra. The 
band at 1735 cm−1 can be associated with C=O 

Fig.4  DRIFT spectra of sample in the range 3800~2600 
cm−1 
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Fig.5  Transmission spectra of samples in the range
2000~800 cm−1 
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Fig.6  Transmission spectra of samples in the range
3800~2600 cm−1 
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stretching vibration in carboxyl, lactone or ketone 
groups, while this peak was at 1715 cm−1 in the 
DRIFT spectra due to the hydrogen bond formed 
between the absorbed water and this group. As only 
carboxyl group can interact with water to form hy-
drogen bond and it cannot be occurred between water 
and lactone or ketone groups, we conclude that the 
band at 1735 cm−1 should be assigned to the stretch-
ing vibrations of carboxyl. CH3 or CH2 banding vi-
bration at 1460 cm−1, C-H out-of plane banding vi-
bration at about 876 cm−1 and C-O (or C-O-C) 
stretching vibration in the range of 1300~900 cm−1 are 
almost the same as those in the DRIFT spectra.  

Because the samples have been pretreated and 
made the influence from water decrease obviously, 
the strength of IR absorption in the range of 
3600~3200 cm−1 became unsharp, and the peak 

minimum moved to lower wavenumber (Fig.8). It is 
worth to note that all three samples appeared a weak 
but sharp absorption band at 3732 cm−1, and sample 
3#CNF showed an absorption band at about 3620 
cm−1, which are assigned to isolated O-H stretching 
vibration temporarily (Fig.8). 

It must be noted that the preparation of CNTFs 
catalyst still exists in the CNTFs samples. We must 
deduct this influence on spectrum of CNTFs. Fig.9 
shows the spectra of in the range of 2000~400 cm−1 
for catalyst of CNTFs growth and pure KBr samples. 
It can be seen that the sharp peak at 1400 cm−1 is also 
present in the catalysts and KBr samples, and this 
peak can be attributed to trace of nitrate that formed 
from NOx take up from the air (Zielke et al., 1996). 
The band at 470 cm−1 is attributed to vibration of 
crystal lattice of NiO, and the bands at 664 and 574 
cm−1 are the vibration of crystal lattice of CoO in 
catalysts. The result indicated that the IR adsorption 
of CNTFs growth catalyst did not appear in the range 
of 2000~800 cm−1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
   

From the above spectra, it is shown that the IR 
adsorption of 3#CNF at about 1735, 2925 and 2855 
cm−1, notably stronger than other samples. It seems 
that the concentration of carboxyl and car-
bon-hydrogen groups on the surface of 3#CNF is 
higher than those of 1#CNF and 2#CNT. Compared to 
the other two samples, the adsorption of oxy-
gen-containing surface groups on 3#CNF in the range 
of 1300~900 cm−1 is also stronger. These results re-
veal that the concentration of oxygen-containing 
surface groups on 3#CNF is higher. 2#Cat and 3#Cat 

Fig.9  Transmission spectra of catalysts and KBr 
1#Cat: Ni-Cu/Al2O3; 2#Cat: Co/Al2O3; 3#Cat: Co/Al2O3 (SG)
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Fig.7  Transmission spectra of samples in the range
2000~800 cm−1 

87
6 

10
40

 
11

20
 

12
70

 

14
00

 
14

60
 

15
82

 
16

52
 

17
35

 

Tr
an

sm
is

si
on

 (a
.u

.) 

2000     1800      1600       1400      1200      1000       800 
Wavenumber (cm−1) 

1#CNF 

2#CNT 

3#CNF 

Fig.8  Transmission spectra of samples in the range
3800~2600 cm−1 
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are both made of cobalt due to different preparation 
methods; the concentrations of the oxygen-containing 
surface groups and the carbon-hydrogen groups on 
surface of CNTFs from these two catalysts are dif-
ferent. Finally, from the spectra of Fig.7, we found 
that the stretching vibration of quinone or ketone 
present on 1#CNF and 3#CNF, but for 2#CNT, this 
vibration is not obvious. 
  
 
CONCLUSION 
 

The results of IR spectroscopy allow us to con-
clude that different kinds of chemical groups exist on 
the surface of CNTs and CNFs. Firstly, there are many 
carbon-hydrogen groups on the surface of CNTs and 
CNFs produced by catalytic method; secondly, be-
cause of trace oxygen in methane and catalyst, it is 
possible to induce oxygen atom to graphitic shell 
during the production process of CNTs and CNFs. 
Finally, the difference between catalysts and growth 
conditions may also have effect on the amounts and 
types of surface chemical groups, thus resulting in 
different surface reactivity. 
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