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The growth of high quality and high yield carbon nanotubes (CNTs) by catalytic chemical vapor deposition (CVD)
of CH4 over Co–Mo/MgO catalyst was investigated for different growth temperatures and H2 flow rates. It was
observed that CNT yield decreased with the H2 flow rate, however, quality increased with increasing H2 flow
rate. CNT yield increased for the temperatures 850–950 °C but dropped significantly above 950 °C. In this
study, the highest yield of 1526% was obtained at the growth temperature of 950 °C. The optimum H2 flow
rate was 200 sccm; this rate gave both high graphitization and high yield of product. Various CNT growth atmo-
spheres including Ar, H2 and the mixture of both gases were also analyzed and it was observed that the highest
quality CNTswere obtained for both pretreatment and growth carried outwith H2. This gave a high yield of 292%.
On the other hand, CNT growth carried out under Ar atmosphere gave higher CNT yield of 368%, however, the
CNTs grown with Ar were more defective and had larger diameters.
Prime novelty statement:Wedemonstrate a sorbitol added catalysis synthesismethod and importance of the ideal
growth conditions to improve high quality single walled carbon nanotube yield up to 1500%.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Catalytic chemical vapor deposition (CVD) is the dominant method
to produce CNTs because of its high efficiency [1,2]. The main challenge
is to obtain high yield of product with high crystalline structure. The
scaled-up and reliable production of CNTs offers a wide range of possi-
bilities to synthesize CNT for various applications such as memory
devices [3], MEMs/NEMs [4], hydrogen storage [5], electrochemical
actuators [6], and sensor applications [7–11].

The key parameters in CNT growth by CVD are the catalyst material
[12], growth temperature [13,14], growth time [15], composition and
the flow rate of the carrier and hydrocarbon gases [16].

The gas environment in CVD growth of CNT is an important param-
eter for final quality and yield [17–19]. In general, CNTs grown by the
CVD method are found to be covered by amorphous carbon, therefore
a diluting gas is needed to etch away amorphous carbon formation
and prevent the catalyst from being poisoned. These gases are also
used to control the decomposition rate while providing a suitable envi-
ronment for the growth process. The gas composition also affects the
CNT size, structure, morphology, and areal nanotube density [20–25].
Commonly used ambient gases are N2 [24], H2 [26] and Ar [27–29].
.

H2 treatment affects the CNT synthesis [30]. A low areal density of
CNTs was obtained when there was no H2 pretreatment, whereas, the
catalyst particles agglomerated with very long H2 pretreatment leading
to very low quality CNT growth. H2 is also essential for CNT growth [31],
and it provides the activity of catalyst particles and optimization of CNT
growthby adjusting reaction rate. The role ofH2 in determining thefinal
CNT quality through its effect on the catalyst crystal structure andmor-
phology was also confirmed [32]. By increasing H2 amount CNT mean
diameter can be dramatically decreased at high growth temperatures
[33]. The growth mechanism of CNTs was studied in terms of the mod-
erate etching of carbon deposited by hydrogen species and it was con-
firmed that hydrogen species etched the amorphous carbon deposited
on the catalyst nanoparticles [34–35].

Appropriate growth temperature also is a key parameter in high
quality CNT growth [13,36–40]. The growth rate, diameter, areal densi-
ty, and crystallinity of CNT can be optimized with the growth tempera-
ture. The effects of growth temperature on the microstructure of CNTs
grown at 600–750 °C by using the Fe(CO)5–C2H2–H2 system was
studied [41]. Itwas found that theCNT length increasedwith the growth
temperature up to 700 °C, and then quickly decreased at 750 °C. At higher
temperatures, the formation of defect-free graphitic layers increases
while at lower temperatures the graphitization degree decreases and
amorphous carbon formation occurs [42].

In this study, the effect of H2 flow rate and temperature on CNT
yield and quality was examined on Co–Mo/MgO catalyst using CH4 as
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a carbon precursor. Various catalyst pretreatment and CNT growth at-
mospheres were studied and best environment for both pretreatment
and growth processes was searched.

2. Materials and methods

In the present study, CNTs were synthesized over Co–Mo/MgO
nanocatalyst particles which were prepared by the gel-combustion
method [43]. Themolar ratio of Co:Mo:MgOwas 0.5:0.25:10which cor-
responds to 1.06 wt.% Co and 0.86 wt.% Mo in the initial gel. For the
preparation of the catalyst, Co(NO3)2·6H2O, (NH4)5Mo7O24·4H2O and
Mg(NO3)2·6H2O salts and C6H14O6 (sorbitol) were dissolved in deion-
ized water. Then, the solution was dried at 100 °C for 3 h to produce a
uniform gel. This step was followed by a flash calcination of the gel in
an oven at 550 °C for 30 min. Then, the material was grounded into a
powder in a mortar. The powder was sieved with meshes of sizes
between 75–250 μm. The catalyst particles were characterized by
X-ray diffraction (XRD) and scanning electron microscopy (SEM).

CNTs were synthesized by the thermal CVD method at atmospheric
pressure in a quartz tube of 1 in. diameter. A catalyst amount weighing
15.0 mg was used in each run for CNT growth. Carbon source was CH4

and it was dilutedwith H2 and/or Ar at different flow rates. The temper-
ature during the catalyst pretreatment stepwas ramped to 850 °Cwith a
rate of 5 °C/min and kept at this temperature for 1 h. Then, the temper-
ature was set to the CNT growth temperature with the same rate.
Carbon sourcewas CH4 andAr, H2 or Ar–H2mixturewas sent to the sys-
tem to dilute CH4 during the CNT growth. For all sets of experiments
CNT growth time was kept for 40 min and to terminate the growth,
CH4 flow was stopped and the system was left to cool under the same
flow of gases sent for the pretreatment process. Obtained product was
weighed for yield calculation. Yield of CNTswas calculated using the for-
mula of [(Wout-Win)/Win] ∙100%, whereWin was the weight of the cata-
lyst before reaction and Wout was the weight of the CNT product after
subtracting the weight of amorphous carbon calculated using TGA data.

Catalyst was pretreated under H2 atmosphere and after this reduc-
tion process, temperature was increased to CNT growth temperature
for growth temperatures higher than 850 °C. The studied growth tem-
peratures were 850, 900, 950, 1000 °C. At the growth stage, 50 sccm
CH4 and H2 with different flow rates were sent into the system for
40 min. The investigated H2 flow rates were 50,100,150 and 200 sccm.

After CNT growth temperature and H2 ratio, CNT growth atmo-
sphere was investigated. At catalyst pretreatment process Ar, H2 and
Ar–H2 mixture were examined using total gas flow of 200 sccm. Then,
temperature was raised to the CNT growth temperature of 1000 °C.
The CNT growth was investigated under Ar, H2 and Ar–H2 mixture,
possibly different from the pretreatment, keeping the total gas flow at
250 sccm for 40 min, and including a CH4 flow with different flow
rates. CNT growth temperature was kept at 1000 °C.
Fig. 1. (a) SEM image and (b) XRD
CNT growths were analyzed with SEM, thermo-gravimetric analysis
(TGA), Raman spectroscopy, and transmission electron microscopy
(TEM).

3. Results and discussion

A SEM image of the Co–Mo/MgO catalyst is given (Fig. 1a). The
catalyst consisted of flake-like particles with sizes ranging between
75–250 μm. The XRD scan of catalyst particles (Fig. 1b) gave peaks asso-
ciatedwith theMgO support particles. Therewas no observable peak for
Co orMo. This could be due to their nanometer size and high dispersion
of Co and Mo throughout MgO.

3.1. The effects of growth temperature and hydrogen flow rate

Fig. 2 displays SEM images of CNTs synthesized under different
growth temperatures and H2 flow rates of 200 sccm. Under the growth
conditions studied here, all samples had a high CNT population. SEM
analysis pointed that growth temperature was a significant parameter
on CNT structural quality. The effect of temperature on themorphology
of CNTs was that at low temperatures as-grown CNTs were often found
in a tangled formwhichwas an indication of larger number of structural
defects compared to that of straight CNTs. Therefore, the critical chal-
lenge was to improve the quality of CNTs. With increasing growth tem-
perature, the amount of tangled CNTs decreased and at a temperature of
1000 °C CNTs were much more ordered and untangled for all H2 flow
rates.

IncreasingH2 flow rate also effected CNTmorphology for all temper-
atures studied in thiswork. The quality of the tubeswas improvedwhen
H2 flow was increased from 50 sccm to 200 sccm for all four growth
temperatures. The highest crystal quality nanotubes were grown at a
growth temperature of 1000 °C and under H2 flow rate of 200 sccm
(Table 1).

Fig. 3 shows the Raman spectra of CNTs at different growth temper-
atures at H2 flow of 200 sccm. The quality of the as-grown CNTs was
studied by Raman spectroscopy. The low intensity of the D-band
(1340 cm−1) relative to the G-band (1580 cm−1) indicated a very low
defect density and high crystallinity of the sample grown at 1000 °C.
At lower growth temperatures disorder level increased. For all four
growth temperatures RBM peaks were observed at 150 and 200 sccm
H2 flow rate. Different RBM peaks appeared in the wavenumber range
of 100–300 cm−1 with different excitation wavelengths as they came
to resonance with different phonon modes of various chiralities [44].
Generally samples grown under low H2 flow rates did not have RBM
peaks. This indicated that higher H2 flow rates were more appropriate
for SWCNT growth.

The ratios of IG/ID of the CNTs are given in Table 1. At 850 °C the low-
est IG/ID ratios were observed indicating the highly disordered tubes,
scan of Co–Mo/MgO catalyst.



Fig. 2. SEM pictures of CNTs grown at (a) 850, (b) 900, (c) 950, and (d) 1000 °C under 200 sccm hydrogen flow; all scale bars are 200 nm.
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high amorphous carbon content and hence, lower quality CNTs with re-
spect to other growth temperatures. At 900 °C IG/ID ratios increased rel-
ative to 850 °C and with increasing H2 flow rate less defective and
hence, higher quality CNTs were observed. At 950 °C, all H2 flow rates
yielded IG/ID ratios relatively higher compared to other growth temper-
atures.When the results of 1000 °C growthwere analyzed, it was noted
that for this temperature and for all H2 flow rates used at this tempera-
ture CNT quality was quite high. The highest IG/ID ratio of 13.63 for this
study was obtained at 1000 °C and 200 sccm H2 flow rate.

TGA analysis was carried out in order to obtain the deposited carbon
content of the product. Amorphous carbon amounts are given in Table 1.
Amorphous carbon content monotonically decreased with increasing
growth temperature. CNTs grown under 850 °C gave larger amount
of amorphous carbon compared to the other temperatures. The lowest
amorphous contents were observed at growth temperature of 1000 °C.
Table 1
Raman IG/ID, amorphous carbon ratios and yields of CNTs.

Catalyst
pretreatment
conditions

CNT growth
conditions

Amorphous
carbon %

Raman
IG/ID ratio

Yield
%

H2 (sccm) H2 (sccm) Temperature
(°C)

50 50 850 16.4 1.85 825
100 100 16.2 1.57 816
150 150 27.5 3.53 678
200 200 7.8 2.63 795
50 50 900 8.6 1.56 1501
100 100 7.6 3.18 1094
150 150 8.4 5.89 1024
200 200 5.8 6.11 1093
50 50 950 8.2 5.64 722
100 100 6.7 4.64 635
150 150 8.2 5.70 489
200 200 2.3 7.01 1526
50 50 1000 3.5 3.25 779
100 100 3.9 5.57 397
150 150 – 5.87 339
200 200 3.1 13.63 292
When the amount of amorphous carbon formed under different H2

flow rates was compared, it was observed that at high H2 flow CNT
amount increased. The highest quality CNT amount was synthesized
under 200 sccm H2 flow for all CNT growth temperatures.

Raman spectra, TGA and SEM data were in good agreement
assessing the quality of CNTs; the disorder level decreasedwith increas-
ing temperature and increasing H2 flow rate.

The yields of growths also are given in Table 1. The highest CNT yield
was obtained at 950 °C under 200 sccm H2 and the obtained yield was
very high: 1526%. It was observed that 950 °Cwas an optimum temper-
ature to obtain the highest yield. On the other hand, the low yield
obtained at 1000 °C might be due to the possible changes in the
character of the catalyst material with the temperature. Highly reactive
Fig. 3.Raman spectra of as-grownCNTs grown at (a) 850, (b) 900, (c) 950, and (d) 1000 °C
at H2 flow of 200 sccm.

Image of Fig. 2
Image of Fig. 3


Table 2
Amorphous carbon amounts and yields of CNTs grown under different pretreatment and growth atmospheres.

Catalyst pretreatment atmosphere CNT growth atmosphere Amorphous carbon % Yield %

H2 (sccm) Ar (sccm) CH4 (sccm) H2 (sccm) Ar (sccm)

200 – 50 200 – 2.8 292
– 200 7.9 93
10 190 3.2 243
200 (at pretreatment)a 200 (at heating) 6.7 67
200 – 20 20 210 4.4 140
– 200 6.9 41
10 190 5.9 174
200 (at pretreatment)a 200 (at heating) 6.3 68
200 – 40 – 210 3.1 349
– 200 2.0 172
10 190 2.1 237
200 (at pretreatment)a 200 (at heating) 1.9 368

a Pretreated differently: Heated up to 850 °C under Ar and kept at 850 °C under H2 for 1 h, then switched to Ar.

84 A.I. Yardimci et al. / Diamond & Related Materials 60 (2015) 81–86
conditions at very high temperature (above 950 °C) might deactivate
the catalyst before all metal particles were completely reduced. Below
1000 °C the number of reduced catalyst particles increased with
increasing temperature, which might increase yield with increasing
temperature. In this study, very high yield of CNT was obtained and it
is very important for CNT commercial applications.
3.2. CNT growth under different pretreatment and growth atmospheres

Three different CNT growth conditions were investigated in this
study. In the growth stage Ar, H2 and the mixture of both gases were
added in turn to CH4. Four different catalyst pretreatment conditions
were examined for all three growths (Table 2).

Fig. 4a displays a SEM image of the sample synthesized under H2

pretreatment and H2 growth. It shows that CNTs were straight and
nontangled. The TEMobservation of CNTs (Fig. 4b) indicated high struc-
tural quality (less defective tubes). The growths consisted of both
SWCNTs and MWCNTs. There was no catalyst particles observed inside
the CNTs.

Raman spectrumof the same sample is given in Fig. 5. The low inten-
sity of the D-band relative to the G-band showed a very low defect
density and high crystallinity of this sample. Raman spectra collected
at several points on this sample resulted in RBM peaks which indicated
that the CNT growth mainly consists of SWCNTs.

The TGA curve of the sample gave highest IG/ID ratio in Raman spec-
troscopy taken under anO2 atmosphere is given in Fig. 6. The significant
weight loss between 500 and 600 °C is due to the carbon nanotubes; both
SWCNTs and MWCNTs are oxidized between 500 °C and 600 °C [45].
The oxidation temperature of amorphous carbon is between 200 °C and
450 °C. A very small decrease in weight in TGA curves within this
Fig. 4. (a) SEM image and (b) TEM image of the sam
temperature range indicates extremely low level of amorphous carbon
formation, 2.8%.

Obtaining a large amount of product for a given amount of catalyst is
very important for many applications. Yields and amorphous carbon
amounts for each sample are given (Table 2). The yields were 292% for
the H2 pretreatment, 243% for the Ar + H2 mixture pretreatment and
below 100% for both the Ar-only and the Ar followed by H2 pretreat-
ment conditions. In terms of CNT yield and structural quality, for the
H2 growth condition, pretreatment in pure H2 atmosphere had the
highest yield and least amount of impurities. This could be due to reduc-
tion of metal oxide to metal catalyst during the pretreatment process as
metal nanoparticles are more suitable for CNT growth.

In terms of both yield and quality, Ar + H2 atmosphere growth con-
dition yielded CNTs with characteristics generally inferior to those of
CNTs grown under H2 atmosphere. The highest product yield of all
growth conditions was observed in growths carried under Ar atmo-
sphere. However, SEM images showed that the mean diameters were
larger than the previous two growth conditions containing H2.

Amorphous carbon amount of the samples was calculated from TGA
graphs and given in Table 2. The results indicated that catalyst particle
reduction by H2 during pretreatment provided samples with lower
amorphous carbon content. However, if H2 flow continued during
growth stage after H2 pretreatment, H2 prevented amorphous carbon
formation during growth process, but if Ar taken place at growth after
H2 pretreatment, then amorphous carbon amount increased. Another
analyzed combination is both pretreatment and growth taken place
under Ar atmosphere. CNTs with larger diameters were obtained.
However, amorphous carbon ratio was lower. Observation of low amor-
phous carbon contentmay also be attributed to thewell-known anneal-
ing effect of an an inert atmosphere at high temperatures [29]; Ar
increases the purity of the treated material by eliminating amorphous
ple pretreated and grown under H2 atmosphere.

Image of Fig. 4


Fig. 7.Raman IG/ID ratios of CNTs grown under H2, Ar+H2 and Ar atmospheres at 1000 °C
for 40 min for four different catalyst pretreatment conditions.

Fig. 5. Raman spectrum of the sample pretreated and grown under H2 atmosphere at flow
of 200 sccm.
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carbon and other non-desired materials, which therefore improves the
purity of the synthesized CNTs.

Raman spectra IG/ID ratios are plotted against pretreatment and
growth parameters in Fig. 7. IG/ID ratios indicated that the growth
carried out under H2 atmosphere gave very small disorder level for all
four pretreatment conditions. On the other hand, growths carried
under Ar + H2 atmosphere showed higher disorder level for both H2

and Ar pretreatments. However, Ar + H2 and H2 for 1 h pretreatments
resulted with relatively higher graphitization. For growths under Ar at-
mosphere, the highest graphitization was obtained for H2 for 1 h pre-
treatment. The disorder level increased when Ar only pretreatment
was applied. CNTs obtained under Ar growth atmosphere were more
disordered, compared to those obtained under H2 and Ar + H2 growth
atmospheres with the same pretreatment conditions. As a result, the
highest IG/ID ratio was obtained for the sample grownwith H2 pretreat-
ment followed by H2 atmosphere growth.

Rashidi et al. synthesized Co–Mo/MgO catalyst using different or-
ganic additives and tested these catalysts for CNT growth. Among inves-
tigated organic additives, sorbitol gave the best results in terms of CNT
quality and yield. Obtained CNT was single walled with yield of
180 wt.% and Raman IG/ID value of 9.3 [43]. The results presented in
our study represent an extremely high yield SWCNT growth with
292 wt.% yield value by using Co–Mo/MgO catalyst synthesized by the
gel-combustion method using sorbitol as organic additive and CH4 as
a carbon precursor at 1000 °C. However, in this study, by decreasing
the CNT growth temperature to 850 °C, yield was increased higher
Fig. 6. TGA–DTA curve of the sample pretreated and grown under H2 atmosphere.
than 1500 wt.%. There is a significant correspondence between high
growth temperatures and high crystalline quality for CH4 catalytic
decomposition, therefore, graphitization decreased at lower growth
temperatures. In our study, the solution of this problem was found
with H2 positive effect on CNT crystalline quality. As seen from Raman
spectra even at low growth temperatures Raman IG/ID ratios were
high indicating a good graphitization degree at high H2 flow rates. In
the absence of H2 yield and quality both decreased. Yeoh et al. obtained
304wt.%MWCNT yieldwith Co–Mo/MgO catalyst using citric acid as or-
ganic additive at 800 °C [46] using N2 as an ambient gas for catalyst pre-
treatment and CNT growth processes. In literature large scale MWCNT
synthesis was available with different catalysts. MWCNT with 4–7
wall number was achieved by catalytic decomposition of CH4 on
Fe-Mo/MgO catalyst with 450 wt.% yield [47]. Using Ni–Mo/MgO cata-
lyst synthesized by the combustion method using polyethylene glycol
200 (PEG200) as combustion additive and H2–CH4 mixture for CNT
growth MWCNTs with 9–20 nm diameter were synthesized. Obtained
yield with this Ni–Mo/MgO catalyst was about 4500 wt.% [48]. Milone
et al. investigated the effect of Co phase on the on CNT growth [49].
Catalytic behavior of physically mixed CoO/MgO + MgMoO4 and
CoMoO4+MgMoO4was studied and citric acidwasused as combustion
additive. They found that the crystalline phase of Cowas also important
for large scale CNT production. Co in the form of CoMoO4 + MgMoO4

gave the best result with 2407 wt.% MWCNT yield. Overall, our study
was in agreement with literature about the catalytic activity of
Co–Mo/MgO catalyst for CNT growth. However, compared to other
studies sorbitol as an organic additive for the combustion method pro-
vided SWCNT with high quality. Different catalyst pretreatment and
CNT growth conditions were investigated in this study and large scale
SWCNT growth was obtained and improved by using H2 and high
temperature positive effects on CNT yield and quality.
4. Conclusion

CNT quality and yield were affected by growth temperature,
atmosphere and pretreatment. High growth temperatures (950 and
1000 °C) provided high structural quality CNT growth, however, CNT
yieldwas higher at lower temperatures. At H2 flow rates, higher quality,
straighter, and largely amorphous carbon free CNTs were obtained. For
the growth parameters used in this study, themaximum yield of 1526%,

Image of Fig. 7
Image of Fig. 6
Image of Fig. 5
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and of high quality, with IG/ID ratio of 7.01 CNTswere obtained at 950 °C
under 200 sccm H2 flow rate.

H2 was found to be necessary for both pretreatment and growth at-
mosphere for high quality CNT growth. H2 provided cleaner and higher
crystalline CNT formation. It reduced carbonaceous product formation
at growth stage. Using Ar CNT yield could be increased, but the growth
resulted with larger diameter CNTs with more defects.
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