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carbon and carbon in contact with metallic particles were preferentially etched, leading
to the easy release of high quality free standing CNT arrays. O2 was also used as an oxidant
for comparison. The O2 showed a stronger oxidizability and caused the formation of CNTs
with a turbostratic–graphitic carbon heterojunction structure. The mechanisms of CO2 and
O2 oxidation of CNT arrays were investigated, and based on these results, CO2 was considered a more suitable oxidant for the purpose.
 2009 Elsevier Ltd. All rights reserved.

1.

Introduction

Free standing vertically-aligned carbon nanotube (VACNT) arrays have been one of the focuses in nanoscience profiting
from their unique properties such as: approximately parallel
arrangement, high purity and similar length for individual
carbon nanotube (CNT). To this day, free standing CNT arrays
can be served directly as electrodes, super spring, membrane,
field emission display, battery and supercapacitor. They can
be sheared into fluffy CNTs and further dispersed into super
long individual CNTs for transparent conductive film, buckypaper, etc. Significant improvements in the electronic,
mechanical, and thermal properties of polymers after CNT
reinforcement were demonstrated as well. Those applications
will be realized if free standing CNT arrays can be produced at
a large scale.
CNT arrays have to be grown on certain substrates (such as
silica templates, silicon wafers, quartz plates, ceramic
spheres, lamellar clay, carbon fibers, etc.) through chemical
vapor deposition (CVD). The as-grown CNT arrays are commonly attached to the surface of substrates. Various methods

have been proposed to release free standing CNT arrays from
the substrates. The most common method is dissolving the
substrates (such as anodic aluminum oxide removing by base
solution [1], silicon wafer and quartz can be removed by
emerging in hydrofluoric acid (HF) solution [2]). Simple
mechanical pressing method was also used by Zhu et al. to
transport the VACNT arrays from the silicon wafer to metallic
surface [3]. Other mechanical methods such as mechanical
traction and separation by peeling with blades were also
carried out to release the arrays from the substrates [4,5].
Sometimes, sonicating the as-grown products in water is also
effective for the release of CNT array from spherical substrates [6]. Recently, Murakami and Maruyama found that
water can serve as the medium for the separation of CNT
arrays by conquering the array–substrate interaction with
surface tension, which was more efficient but additional contaminations may be introduced in the process [7]. Up to now,
the methods that were mentioned above were not effective
enough to meet the requirements of a large-scaled harvest
of free standing CNT arrays from various substrates. Furthermore, due to the strong interactions between CNT arrays and
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the substrates, the original structures of the CNT arrays are
commonly destroyed during the traditional separation procedures. A highly effective engineering method for the release
of free standing CNT array from different substrates should
be developed.
The key to release free standing CNT array is to break the
strong connection between the substrate and the as-grown
CNT arrays. The interaction between CNTs and substrate
was the driving force for the self-organization of CNTs into array structure [8]. But the strong interaction remained to be an
obstacle for further application of CNT arrays, which needs to
be weakened after the growth of CNT arrays. Recently, it was
reported that the addition of oxidative reagents (such as H2O,
CO2 and O2) during the growth process can improve the activity and prolong the lifetime of catalyst, and thus enhanced
the growth of VACNT arrays [3,5,9–15]. Water steam was also
used to promote the release of single-walled CNT arrays by
etching the precipitated carbon between the catalyst and
the CNTs [15]. Some applications after the release were also
developed, including the observation of electron hopping,
fabrication of terahertz polarizer, etc [16–18]. However, the detailed understanding of whole oxidation process needs to be
provided in order to guide the large-scale application of this
process. Here, we select CO2 instead of water steam as the
oxidant mainly due to the convenience in the industrial applications and the proper oxidizability. The introduction of CO2
after the growth of CNT arrays can significantly weaken the
array–substrate interactions and selectively etch the amorphous carbon decorated on CNTs. Compared with water
steam and O2, CO2 were considered as a more suitable oxidant in the release of CNT arrays. An engineering approach
for the release of free standing CNT array was proposed.

2.

Experimental

The CNT arrays were synthesized on quartz plates (size:
30 · 10 · 2.0 mm) and the inner surface of the quartz tube
through floating catalyst method [6,19,20] by means of using
ferrocene as the catalyst precursor and xylene as the carbon
source. The concentration of the ferrocene in xylene was
10 g/l. The quartz plates were used as the growth substrates
and were placed in the center of a horizontal quartz tube (inner diameter of 30 mm and length of 1500 mm), which was
set in a tubular furnace. The xylene solution was injected into
the reactor with a feed rate of 6.0 ml/h using a motorized syringe pump after the react temperature reached 800 C under
carrier gas, which was composed of 600 sccm Ar and 40 sccm
H2. After the growth of CNT array, the feed of xylene solution
and hydrogen were terminated. Then, the temperature of the
reaction zone was left to be cooled down to 700 C and the
oxidative reagent (carbon dioxide or oxygen) was introduced
into the reactor. The oxidation atmosphere lasted for half
an hour under 700 C, and then the furnace cooled down to
room temperature under Ar protection. For a typical experiment, the concentration of CO2 and O2 was 4000 and
100 ppm, respectively for oxidation.
After the whole process, the product was lightly pushed
out from the quartz tube for further characterization. Photos
of the as-grown products were taken using a Ricoh R4 video

camera. High-resolution scanning electron microscopy (SEM,
JSM 7401F, at 5.0 kV) was used to characterize the morphology
of the CNT arrays. High-resolution transmission electron
microscopy (TEM, JEM 2010, at 120.0 kV) was used to observe
the detailed structure of CNTs in the arrays. Raman spectroscopy of the CNTs was performed using a Raman microscope
(Renishaw, RM2000, He–Ne laser excitation line 633.0 nm).
The thermal gravimetric analysis (TGA) under CO2 atmosphere was also carried out to test the content of amorphous
and graphite carbon in the sample with a temperature ramp
rate of 10 C/min and a CO2 feed rate of 30 ml/min.

3.

Results and discussion

3.1.
The release of free standing CNT arrays by CO2
oxidation
Following common CVD procedure for synthesis of CNT array;
the derived array was firmly attached to the quartz substrate
[4]. When the array was peeled off, the obtained CNT film will
crack into small blocks during mechanical separation process
due to the strong array–substrate interaction [21]. For comparison, post CO2 oxidation was employed to facilitate the release of VACNT array from the substrate. Fig. 1a and b
showed the free standing CNT arrays separated from the inner surface of the quartz tube and quartz plate, respectively.
After the oxidation treatment, the adhesive force between
the CNT array and the substrate was significantly reduced.
Therefore, the free standing CNT arrays can be easily obtained
by a light push. The original shape of the as-grown array can
be well preserved. VACNT arrays with a tubular structure can
be obtained due to the weak CNTs–substrate interaction
(Fig. 1a). Furthermore, it can be seen from Fig. 1b that after
the detachment of arrays from the quartz plate, nearly no
CNTs remained on the quartz substrate. After the separation
of CNT arrays, the quartz plate can be served as the substrate
for the growth of CNT arrays again. Benefiting from the weak
array–substrate interaction, some engineering mechanical
treatments, such as mechanical vibration and gas flow shearing can also be used to release VACNT arrays from different
substrates at a large scale.

3.2.
Comparison of free standing CNT arrays obtained
with/without CO2 oxidation
To show the advantage of the release process for free standing
CNT arrays by CO2 oxidation, the morphologies and structures of CNTs were carefully analyzed by SEM, TEM, TGA,
and Raman spectra. The VACNT arrays obtained without
CO2 oxidation were peeled off by using blades and characterized for comparison. Fig. 2a showed the top surface morphology of the VACNT arrays obtained without CO2 oxidation. Due
to the deposition of exceeded metallic catalyst particles and
the accumulation of pyrolysis carbonaceous impurities during floating catalyst CVD, the top of the free standing VACNT
arrays were coated with impurities and numerous catalyst
particles [8]. In contrast, a lot of large Fe2O3 particles with
the size of about 200 nm were found on the top surface of
the CNT arrays obtained with CO2 oxidation (Fig. 2b). On the
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Fig. 1 – Free standing block of CNT arrays separated from (a) the inner surface of quartz tube and (b) the quartz plate.

Fig. 2 – The top surface of the CNT array (a) without CO2 oxidation and (b) with CO2 oxidation.

other hand, when compared with the original VACNT arrays,
the diameter of CNTs was significantly decreased, and the
side wall of the CNTs in array became much cleaner. CO2
served as oxidative reagent at 700 C and reacted with the
as-deposited carbon materials. Compared with well-crystallized graphite layers, amorphous carbon, turbostratic carbon
and carbon in contact with metallic catalyst particles were
relatively unstable, and they were thus preferentially etched
[19,22,23]. Metal-encapsulated carbon spheres were easily
oxidized and left bare metal particles. Due to the high surface
energy of metal, the particles were prone to sinter into large
catalyst particles with a size of 100–250 nm (Fig. 2b).
Furthermore, the bottom of the derived free standing CNT
arrays also possessed different morphologies. As is shown in
Fig. 3a, the roots of CNTs in the arrays by means of blade peeling exhibited clear orientation, which was caused by the
strong array-substrate interaction and the damage of blades.
The CNTs on the root ruptured due to the shear strength during the blade peeling process and few catalyst particles can be
found at the root of CNTs (Fig. 3b). The arrays obtained by
floating catalyst process commonly consisted of CNTs covering a wide range of diameters. Numerous thin CNTs can be
observed in Fig. 3b as well as the thick ones. The diameter distributions of the CNTs in the array were obtained by the statistics based on the side view of the CNT arrays. The
diameters of CNTs ranged from 20 to 70 nm, with a mean
diameter of approximately 38 nm, showing good alignment
(Fig. S1a and b). While for quartz substrate, there were catalyst particles with a density of approximately 1.7 · 1014/m2.
Some ruptured CNT fragment can be found (indicated by

the arrows in Fig. 3c). Fig. 3d shows the fine structure of
intrinsic CNTs without CO2 treatment. The CNT was composed of over 50 graphic walls. Some decorated amorphous
carbon can also be found, clinging on the exterior layer of
CNT.
The free standing CNT arrays obtained by CO2 oxidation
showed flat bottom morphology, as illustrated in Fig. 4a.
The CNTs maintained the intrinsic structure in the growth
process. No evidence of damage can be observed due to the
avoidance of strong mechanical force in the release process.
Different from the mechanically fractured CNT roots, the
morphologies of CNT roots were well preserved. Some CNTs
were with catalyst particles, while others were free of catalyst
particles (Fig. 4b). Fig. 4c showed the surface morphology of
quartz substrate after the CNT array harvest based on CO2
treatment. The density of catalyst particle left on the substrates decreased to 8 · 1013/m2 due to the sintering of catalyst particles. The size distributions of catalyst particles
were also changed. The diameters of the remaining catalyst
particles ranged from 30 to 110 nm, exhibiting an average
diameter of 58 nm (Fig. 4c). While the catalyst particles remained on quartz plate without CO2 oxidative treatment,
and they were with an average diameter of 39 nm, distributing from 20 to 60 nm (Fig. 3c). Furthermore, some concave
structures can be found on the surface of quartz plate after
CO2 oxidation (Fig. 4c), the size of which ranged from several
tens to one hundred nanometers. These concave structures
were speculated to correspond to the large-sized catalyst particles attached to the roots of some CNTs. Moreover, the side
views of free standing VACNT arrays showed good alignment
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Fig. 3 – (a) Low magnification and (b) high magnification SEM image of the bottom of free standing CNT arrays without CO2
oxidation; (c) the morphology of quartz substrate after removing the VACNT arrays without CO2 oxidation; (d) the high
resolution TEM image of CNT without CO2 oxidation.

Fig. 4 – (a) Low magnification and (b) high magnification SEM image of the bottom of free standing CNT arrays with CO2
oxidation; (c) the morphology of quartz substrate after the release of VACNT arrays using CO2 oxidation; (d) the side view of
free standing VACNT arrays with CO2 oxidation.

(Fig. 4d), which indicates the array structure was preserved
during the whole process based on CO2 oxidation. It was also
noticed that the diameter of CNTs were about 15–40 nm at the

top of the array, with an average diameter of 27 nm (Fig. S1c).
Near the roots of the CNT arrays, the diameters of CNTs ranged from 20 to 70 nm, which obviously did not change during

(d) 100

w/o CO2 oxidation

Intensity (a.u.)

w CO2 oxidation

w/o CO2 oxidation
w CO2 oxidation

80

TG (%)

IG/ID
2.12

60

0

40
-5

20

1.51

-10

0
800

1200

1600

400

2000

600

1000

1200

Temperature ( C)

(f)

Distance from top surface
0 µm
100 µm
200 µm
300 µm
400 µm
600 µm

3.0
w/o oxidation
w oxidation

2.5

IG/ID

Intensity (a.u.)

800

o

-1

Raman Shift (cm )

(e)

5
o

(c)

1445

4 8 ( 20 1 0 ) 1 4 4 1–14 5 0

DTG (%/ C)

CARBON

2.0

1.5

800

1000

1200 1400

1600 1800

2000

Raman Shift (cm-1)

1.0
0

100

200

300 400 500

600

Distance from the top surface (µm)

Fig. 5 – (a and b) The high resolution TEM images of CNTs with CO2 oxidation; (c) the Raman spectra and (d) TGA curve of free
standing CNT arrays with CO2 oxidation; (e) Raman spectra on the side of the CNT arrays with CO2 oxidation (0, 100, 200, 300,
400 and 600 lm from the top); (f) the IG/ID values at different positions on the side wall of pristine and oxidized CNT arrays.

the CO2 oxidation (Fig. S1d). The details will be discussed
later.
TEM images were also obtained in order to characterize
the fine structure of as obtained CNTs. Besides the desirable
feature of easy release of VACNT arrays, the introduction of
CO2 can also improve the quality of VACNT arrays. During
the CO2 oxidation process, the amorphous carbon was relatively unstable and was preferentially etched [9–13,24]. However, the CO2 oxidation removed the graphite walls of CNTs
inevitably, which caused a decrease of the mean CNT diameter from 38 to 32 nm. Fig. 5a showed the HRTEM image of one
few-walled CNTwith a wall number of 14, in which the graphite layer was clean and there were only a few defects found in
the walls of the CNT. The end of CNT, shown in Fig. 5b, has a
curvature structure and contained non-hexagon carbon rings,
which resulted in the instability in the oxidative atmosphere
compared with the side wall. Some graphite layers at the end
of the CNT were damaged while the end had not been completely opened. The Raman spectra in Fig. 5c were employed
to illustrate the crystallization degree of CNTs. The values of
IG/ID (intensity ratio of G band to D band) were 2.12 for CNT
arrays with the CO2 treatment, which was much higher than
that without CO2 treatment (1.51), revealing the improvement

in crystallization and lower content of impurities (Fig. 5c).
This result consisted well with the TGA results under CO2
atmosphere (Fig. 5d), in which the weight loss peak corresponded to the amorphous carbon (near 770 C in Fig. 5d) disappeared for the samples with CO2 oxidation, indicating the
elimination of the amorphous carbon and higher purity of
the CNT arrays using CO2 oxidation.
The height of CNT arrays synthesized in floating catalyst
process can be as tall as about 1.0 mm, in which the CNTs
were densely packed. When the oxidation process occurred,
the concentration of oxidant differed a lot at the top and
the bottom of the CNT arrays with the view of diffusion resistance and reaction consumption. Raman spectra were employed to illustrate the difference in the degree of oxidation
induced by the concentration gradient. The Raman spectra
and the values of IG/ID in different positions (0, 100, 200, 300,
400 and 600 lm from the top of arrays) of CNT arrays after
CO2 oxidation were shown in Fig. 5e and f. As can be seen
from Fig. 5f, the value of IG/ID was as high as 2.78 at the top
of CNT array, indicating a relatively high crystallization degree of the graphite layers in the side walls of CNTs. With
the distance away from the top increased, the value of IG/ID
decreased gradually. At the point of 600 lm from the top,
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the value of IG/ID was only 1.99, which is much lower than the
top of CNT array. For comparison, the Raman results of the
pristine CNT arrays without CO2 oxidation were also presented (Raman spectra in Fig. S2 and curve of IG/ID value in
Fig. 5f). The pristine CNT arrays shows relative low crystallization degree in the top of the array (IG/ID value of 1.31) and
maintained a stable level in the rest parts (IG/ID value of
around 1.55), which may resulted from the capture of more
pyrolyzed carbon in the top part of arrays. Thus, the relatively
higher crystallization degree should be attributed to the reaction feature of CO2 as well as the concentration gradient in
the CNT array. Under this specific condition, CO2 reacted
selectively with impurities, while the well-graphitized side
walls of CNTs were preserved. Besides, the concentration of
CO2 decreased from the top to the bottom of CNT array. The
relatively high concentration of CO2 at the top of CNT array
promoted the elimination of impurities and resulted in the
highest value of IG/ID as indicated in Fig. 5f. It is also worth
mentioning that all the points in the arrays were of higher
IG/ID value than pristine CNT arrays, even at the bottom of arrays where the CO2 concentration was the lowest. Actually,
the gradient of CO2 also led to the different CNT diameters
in the whole CNT array. As indicated in Fig. S1, compared with
the CNTs array without the oxidation, the diameter of CNTs
near the top of CNT array obviously decreased to 15–40 nm
while the diameter of CNTs at the bottom part (20–70 nm)
hardly changed.

3.3.
Synthesis of free standing graphitical–turbostratic
CNT arrays by O2 oxidation
The use of CO2 improves the quality of CNT arrays and facilitates the release process due to the nature of oxidation. In
addition to CO2, some other gaseous substance can serve as
the oxidant in this process such as O2. Here, O2 was used
for the oxidative treatment instead of CO2 for comparison. It
was very interesting to find that the oxidation process was
quite different in the case of O2 oxidation. Fig. 6a shows the
high resolution TEM image of the side wall of one CNT after
the oxidation, which lasted 30 min under 500 ppm O2. It can
be found that the exterior 10 walls of the CNT were composed
of graphite layer segments, which were noticeably different
from the interior walls. One metallic catalyst decorated on
the side wall was also covered with turbostratic carbon segments. Core–shell-structured CNTs with radial turbostraticgraphite carbon heterojunction was fabricated in the free
standing CNT array using O2 oxidation. Similar graphitical–
turbostratic CNT can be found in the CNTs oxidized under
the O2 concentration of 100 ppm as well (Fig. 6b). The generation of the turbostratic carbon can be ascribed to the stronger
oxidizability of O2 than that of CO2 under the same temperature, leading to the faster oxidation with worse selectivity.
Though array-substrate detachment and the elimination of
the impurities can also be achieved by O2, the strong oxidizability of O2 severely damaged the side walls of CNT and
caused the generation of turbostratic carbon.
Raman characterization also indicated the different phenomena compared with CO2 oxidation process (Fig. 6c and
d). In the Raman spectra of free standing CNT arrays after O2
oxidation under the O2 concentration of 100 ppm (Fig. 6c),

the value of IG/ID were 1.39 and 1.69 for the top and bottom
of the CNT array, respectively, indicating lower crystallization
degree on the top than that on the bottom of CNT arrays.
When under high O2 concentration (the situation for the top
of the array), though the impurities could be eliminated, the
well-graphitized layers were oxidized into turbostratic carbon
as well. In contrast, the O2 concentration was relatively low at
the bottom of CNT array, where the impurities could be oxidized similarly and the destruction of fine graphite layers
was limited (Fig. 6d). The crystallization degrees of CNTs on
the bottom were always higher when compared to the top array under various O2 concentrations. Although the IG/ID value
was higher than that of pristine CNT arrays due to the elimination of impurities, it was much lower than that of CO2-treated
CNT arrays. Besides, the destruction on the side walls of CNTs
in the O2 oxidation process was serious, which reduced the
quality of CNT arrays, indicating that CO2 was a more suitable
oxidant in this specific condition. Water steam was also used
as the oxidizer for the release of CNT arrays. It shows similar
ability to release the CNT arrays from the substrate while obtained CNT arrays exhibited some different characteristics
(see Supplementary information).

3.4.
Mechanism of free standing CNT array released by
CO2/O2 oxidation
The high temperature reaction of carbon in an atmosphere of
O2, H2O and CO2 has been widely studied by many groups and
manufacturers to produce activated carbon [25–32] or CNTs
[3,5,9–15,24]. The most significant advances in understanding
the mechanism of reaction between molecular oxygen and
carbon was carried out by the Walker Jr’s research group
[25,28]. Later, Radovic et al. [26,27] and Rodriguez-Reinoso
et al. [30,31] also carried out a family of pioneer researches
on the mechanisms of thermal activation by O2, CO2 and
water steam. They found that the entire process of activation
depended on the selective gasification within a carbon particle, which was the consequence of a spectrum of reactivity
within the carbon structures [32]. Recently, those oxidants
were found to be great enhancers for the growth of CNTs
[3,5,9–13,33,34]. For example, in the super growth of singlewalled CNT array, the amount of introduced stream should
be delicately controlled to prolong the life time of catalyst particles, and prevent the sintering of iron particles [5,34]. The effect of oxygen-containing gases have been investigated in the
CVD for CNT growth, and they showed great ability to modulate the structure of CNTs [35]. In specific conditions, the
stream can assist the opening of CNT end. Here, CO2 and O2
were used as enhancers to weaken the array-substrate interaction and modulate the structure of CNTs.
When CO2 was introduced into the react chamber, it
reacted with solid carbon through reproportionation and
generated CO as follows [32]:
C þ CO2 $ CO þ CðOÞ

ð1Þ

in which a surface oxygen complex (C(O)) was initially formed
and subsequently became stable under the reaction conditions, acting as a retardant by blocking the reaction sites:
CðOÞ $ C–O

ð2Þ
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Fig. 6 – The high resolution TEM images of CNTs with O2 oxidation under a O2 concentration of (a) 500 ppm and (b) 100 ppm;
(c) the Raman spectra of CNT array oxidized with 100 ppm O2; (d) IG/ID value of free standing CNT arrays oxidized with
different O2 concentration.

It may also decompose and leave the surface as CO
CðOÞ $ CO

ð3Þ

This process will leave a free surface carbon atom. The
temperature for the post treatment in this work was 700 C,
which is obviously lower than that in the thermal activation
for activated carbon [28–32]. It is commonly believed that
the structure of carbon plays a key role for the Reactions
(1)–(3). Amorphous carbon and carbon in contact with metal
particles are more readily to be oxidized by CO2. As illustrated
in Fig. 7, when CO2 was introduced into the reactor after CNT
growth, it diffused through the channel between CNTs in the
array (Fig. 7a) and reacted preferentially with amorphous carbon, forming a concentration gradient along the axial direction of CNT arrays (Fig. 7b).
Due to tubular structure of CNTs, the Reaction (3) was
assumed to occur easily at the exterior wall of CNTs, leaving
CNTs with good graphitization. Furthermore, due to the
formation of CO2 concentration gradient, the top part of
the array was etched more severely. Consequently, the CNTs
in the top of the array were composed of fewer graphite
walls compared with that in the bottom of arrays. Besides,
CO2 was more readily to attack carbon–catalyst interface
because of the catalytic oxidation process. The metal
particles have a high density of electrons, and can serve as
catalyst for Reaction (1). Thus, the carbon atoms at the root
of CNTs are easily oxidized (Fig. 7c) and the chemical bonds
between CNT/catalyst/substrate were destroyed, leading to
the weakening of array–substrate interaction (Fig. 7d). The
free standing CNT arrays with high degree of graphitization
can be released easily from substrates by CO2 oxidation,
accordingly.

When O2 was used as the oxidant, a more complex process
for the formation of CO and CO2 was demonstrated as follows
[32]:
Cf þ O2 ! CðO2 Þ

or

CðO2 Þm

ð4Þ

CðO2 Þm ! CðOÞ þ CðOÞm Þ and=or

ð5Þ

CðO2 Þm ! CðOÞm þ CðOÞm Þ and=or

ð6Þ

CðO2 Þ ! CðOÞ þ CðOÞ

ð7Þ

CðOÞ ! CO

ð8Þ

CðOÞm ! CO

ð9Þ

CðOÞm þ CðOÞm ! Cf CO2

ð10Þ

CðOÞm þ CðOÞ ! Cf þ CO2

ð11Þ

CO þ CðOÞ ! Cf þ CO2

ð12Þ

CO þ CðOÞm ! Cf þ CO2

ð13Þ

O2 þ 2CðOÞ ! 2CO2

ð14Þ

where Cf is the free site on the carbon surface where reaction
is possible; C(O2), chemisorbed, localized molecular oxygen;
C(O2)m, chemisorbed, mobile molecular oxygen; C(O), chemisorbed, localized atom of oxygen and C(O)m is the chemisorbed, mobile atom of oxygen.
When O2 is introduced into the reactor, the reaction rates
are controlled by transferring rates of oxygen to the carbon
surface, as demonstrated in Reactions (4)–(14). The gasification rate of carbon in O2 atmosphere is much faster compared
to CO2 atmosphere [27,28,32], leading to the rapid oxidation of
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Fig. 7 – The schematic graph of the oxidation process with CO2 as oxidative reagent.

Fig. 8 – (a) The as-grown CNT arrays on ceramic spheres, showing the radial growth behavior; (b) The released CNT arrays by
simple mechanical vibration after the CO2 oxidation. The insert shows the bare ceramic spheres after the detachment of CNT
arrays, the scale bar in the insert was 1 mm.

CNT array. The mobile C(O2)m and C(O)m can diffuse along
both the radial and axis direction of CNTs, and caused the formation of turbostratic carbon at the exterior layers of CNTs.
Thus, CNTs with a turbostratic-graphite heterojunction in array form were obtained. Furthermore, the metal particles at
the root were speculated to promote the reduction of mobile
C(O2)m and C(O)m. This caused the oxidation of carbon at
the root of CNT arrays, which led to an easy detachment of
free standing CNT arrays.

Finally, it should be noticed that CNT arrays can grow on
various substrates, and this presented simple oxidation approach was suitable to release free standing CNT arrays from
various substrates. As shown in Fig. 8, free standing CNT arrays can be easily released from spherical ceramic substrates
[36] with CO2 oxidation. During the radial growth on ceramic
balls, CNT arrays split into CNT pillars on the spherical substrate. After the oxidation, the connection between CNT pillars and the substrate was weakened and the mechanical

CARBON

4 8 ( 20 1 0 ) 1 4 4 1–14 5 0

force can be applied to realize the separation. In industry, gas
shearing and vibrating screening were anticipated to be suitable for the large-scale applications of such a process. This
also indicated that the present oxidation strategy can be easily scaled up to obtain large quantity of free standing CNT arrays on irregular substrates. Furthermore, the degree of
oxidation can be easily manipulated by the oxidation temperature and the concentration of oxidant. This release process
was promising for the potential applications.

4.

Conclusions

CO2 was used as oxidant to release high quality CNT arrays
from the substrate after the growth. Utilizing the difference
in the stabilities of different carbon structures, the interaction
between array and substrate was dramatically reduced, which
facilitated the easy release of CNT arrays. Meanwhile, the
selective elimination of amorphous carbon also led to the
acquirement of high quality CNT arrays. The value of IG/ID
in Raman characterization was improved from 1.51 to 2.12.
The concentration gradient of CO2 in the CNT array was taken
into consideration to demonstrate the influence of different
CO2 concentration on the oxidation behavior at different
parts in the CNT arrays. O2 oxidation was conducted for comparison; and the reaction showed poor selectivity due to the
strong oxidizability. Consequently, severe destruction on the
structure of CNTs and the formation of graphitical–turbostratic structure was observed. The different oxidation mechanism of CO2 and O2 was also discussed and the result
indicated CO2 to be a more suitable oxidant under this condition. This versatile oxidation process was promising in the
large-scale application for the release of free standing CNT arrays from various substrates.
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