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ABSTRACTY

Supported Co-Mo catalysts with a given ratio of metals were prepared from polyoxomolybdate

M0 1,0 ,8(1-OH)1 {Co(H,0)3b4 using impregnation and combustion methods. Effects of the type
of catalyst and the ratio and flow of methane and hydrogen gases on the structure of carbon
nanotubes (CNTs) synthesized by catalytic chemical vapor deposition (CCVD) method were studied
using transmission electron microscopy and Raman spectroscopy. The catalyst prepared by
combustion method yielded mainly individualized CNTs, while the CNTs were highly entangled or
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bundled when impregnation method was used. In both cases, addition of hydrogen to methane
led to reduction of the CNT yield. The samples synthesized using two different catalysts and the
same CHa/H; ratio and flow of gases were tested in electrochemical capacitors. A higher specific
surface area of the CNTs grown over impregnation-prepared catalyst caused a better perfformance

at scan rates from 2 to 1000 mV/s.

1. Introduction

Chemical vapor deposition (CVD) is a multivariable process,
where any synthesis parameter may influence the target
carbon product. The key parameter in the catalytic CVD
(CCVD) synthesis of carbon nanotubes (CNTs) is the
composition of the catalyst.m Transition metals such as Fe,
Co, Ni and their alloys or with addition of Mo are common
catalysts for this process. The efficiency of the catalyst for
the growth of CNTs of different morphologies depends on
the choice of the catalytic support, which allows controlling
the size and distribution of catalytic metals.] The most
often used supports are graphite, quartz, magnesium oxide,
zeolite, alumina, silicon, silical® and less common substrates
such as stainless steel, microfibrous composite materials,"
and glass mat!®! have also been reported. The interaction of
the support with the active metal through van-der-Waals and
electrostatic forces and/or surface groups affects the mobility
and sintering of the metal'® and thus modifies i% activity.!!
For example, Chai et al”! showed that the performance of
CoO catalyst for the growth of CNTs from methane at 700°C
decreased as follows for oxide supports: AlL,O;> CeO,>
zeolite > Si0,> TiO,> CaO >MgO. The use of the MgO
support for a Fe/Mo catalyst provided the highest yield of
single-walled CNTs (SWCNTs) from methane at 850°C as
compared to other supporting materials.!®!

There are several methods for the preparation of sup-
ported catalysts and among them are sol-gel, precipitation,
impregnation and combustion. The impregnation is a simple
method not requiring any specific equipment, where a por-
ous support (MgO, CaO) is impregnated with a solution
(usually aqueous) of metal salts, such as acetates,””’
nitrates'” and ammonium heptamolybdate.[“] For example,
the catalyst used in the well-known CoMoCat process for
the synthesis of SWCNTs is prepared by impregnation of
SiO, by an aqueous solution of Co(NO;), and
(NH,)¢Mo,0,, followed by drying in an oven at 80°C and
calcination at 500°C.!"?) Another common method is the
combustion (fast thermal decomposition involving redox
reactions) of a solution of metal salts with an organic reduc-
ing compound. Combustion of solutions of metal nitrates,
ammonium heptamolybdate with citric acid or urea was
used to produce the catalysts used for the synthesis of dou-
ble-walled CNTs (DWCNTs).!**!

The first stage of the preparation of bi- or three-metallic
catalyst is usually dissolution of metal-containing com-
pounds used in the required ratio in a solvent.!"! An alterna-
tive way is to use compounds already containing two or
more of the necessary metals. An example of such com-
pounds is the giant polyoxomolybdate molecule with active
transition metal and molybdenum atoms in a cluster
core"”! The first compound from this family used for the
synthesis of CNTs was Keplerate, containing Fe and Mo
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[HxPMo1,0.40CHyMos2Fe30(CH3CO0)1 5054(H20)sg].
The size of this molecule is 3nm!'® and each molecule
should on the principle produce a single metal nanoparticle
for the growth of a CNT of a given structure. However,
SWCNTs synthesized from methane at 900°C exhibited a
distribution of diameters.!'®) The goal of selectivity was
achieved by using
Na,s[Na;C{Co(H,0)}s{WO(H,0)}5(P,W1,044)3],  which
gave W¢Co, catalysts for the synthesis of (14,4) chiral
SWCNTs with a selectivity of 97%.""”) Thus, metal-contain-
ing cluster molecules can be a source of catalysts with well-
controlled structures for the CCVD growth of high purity
CNTs possessing a specific morphology and structure.

In the first work and subsequent investigations of polyoxo-
molybdate molecules for the preparation catalysts, SiO,/Si
substrates were used for deposition of molecules that resulted
in very low vyields of CNTs and created difficulties for their
recovery by detachment from the substrate.">'®'*) Edgar
et al. for the first time distributed various Fe-containing poly-
oxomolybdates on MgO and ALO; supports and obtained
mixtures of SWCNTs and multi-walled CNTs (MWCNTSs)
from methane at a temperature of 1000 °C.'**) Similar results
were achieved using the Keplerate with the ALO; support!?!!
and MgO support.”?) Well-graphitized MWCNTs were
obtained from C,Hy/H, at 900°C using e-Keggin-type poly-
oxomolybdate clusters Mo,,0,5(jt,-OH),»,{Ni(H,0)3}, and
Mo0,50,8(1-OH)2{Co(H,0)3}4 on MgO supports.lm The use
of supported polyoxomolybdates for the synthesis of CNTs is
however still far from having been fully exploited.

One more important parameter in the CCVD synthesis is
the gaseous carbon source, which is typically methane, ethyl-
ene, acetylene or carbon monoxide.'®’ Conversion of a reac-
tion gas to CNTs is always associated with the formation of
various carbon by-products. Among the hydrocarbons,
methane is the most thermodynamically stable and its pyr-
olysis yields only carbon and hydrogen atoms.”*! Thus,
methane is often mixed with hydrogen to control the forma-
tion of unwanted carbon species in gas phase. In this point
of view, it is important to determine the role of H, in the
CNT synthesis. One of the first studies on this topic was
dealing with the arc-discharge synthesis process, where
CNTs free of amorphous carbon were produced, but the
role of H, was not thoroughly discussed.’**! Later, decom-
position of CH, in an electric arc to C,H, and H, was
reported.*®) The influence of hydrogen was also reported
for the CCVD synthesis of CNTs. Flahaut et al.'*” identified
the optimal content of CH, in mixture with H, for the syn-
thesis of DWCNTs. The yield of DWCNTs increased as well
as the formation of carbon nanofibers when the content of
CH, was increased from 3 to 30 mol.%. Xiong et al.!*®! syn-
thesized DWCNTs on Fe-Mo/MgO catalyst when they
diluted CH, with H,. This effect of H, was related to the
slowing of the processes of decomposition, diffusion, and
precipitation of carbon atoms. Biris et al."?*! showed similar
effect of H, on the growth of SWCNTs and they proposed a
decrease in the size of metal catalyst in hydrogen environ-
ment as the explanation. There is no doubt about a signifi-
cant role of hydrogen in improving the structural quality of

CNT walls, as described in the many works devoted to
this effect.!*0-3%

In the present work, the Mo, ,053(pty-OH);,{Co(H,0)s},
cluster molecule with a CosMo,, core was chosen as a pre-
cursor of MgO-supported catalysts. We compared the cata-
lysts prepared by impregnation or combustion methods for
the CCVD growth of CNTs from a mixture of CH, and H,
and studied the effects of the composition and rate of the
gas flow on the structure of the carbon product.

2. Experimental part
2.1. Materials

High purity Magnesium oxide MgO (analytical reagent qual-
ity), cobalt (II) acetate Co(OOCCHj3),-4H,0 (analytical
reagent quality, anhydrous), ammonium heptamolybdate tetra-
hydrate (NH,)sM0;0,4-4H,0O (>99%), acetic acid CH;COOH
(puriss.), hydrazine sulfate N,H¢SO, (p.a.), magnesium nitrate
Mg(NOs),-6H,O (analytical reagent quality), citric acid
CgHgO; (analytical reagent quality), and hydrochloric acid
(puriss. spec.) were used for the synthesis of catalysts and the
purification of CNTs. Methane CH, (99,95%) and hydrogen
H, (99,9999%) were used for the growth of CNTs.

2.2. Preparation of catalysts

Mo,,028(pt2-OH)1,{Co(H;0)3}4 (briefly {CosMoy,}) was syn-
thesized as described in the original work.**! Shortly,
CO(OOCCH3)24H20 (l 1.25 g) and (NH4)6M070244H20
(3.36 g) were dissolved in diluted acetic acid (290 mL) and
hydrazine sulfate (0.62g) was added to the solution.
Polyoxomolybdate {Co,Mo,,} was precipitated after the
heating of the solution at 65°C for three days.

The methods used for the catalyst preparation and the sche-
matic structure of the catalysts are illustrated in Figure 1. The
preparation of catalyst by impregnation comprised the follow-
ing steps: an aqueous suspension of {CosMo0,5} and commercial
MgO was stirred at 80 °C until the full evaporation of water.
The peach-coloured {CosMo,,}/MgO sample was dried in air at
80°C for 12 h. Decomposition of {CosMo,,}/MgO at 700 °C in
air for 10 min produced the Co-Mo/MgO catalyst, which struc-
ture was already described in details earlier.”>) The catalyst
prepared by impregnation method is further denoted as imp-
catalyst. The combustion process consisted of the following
steps: {CogMo12} (0.2 g), Mg(NO3), 6H,O (17.7 g) and citric
acid (7.4 g) were dissolved in deionized water (600 mL) and the
resultant solution was placed in a muffle furnace preheated at
550 °C and left until dryness. The catalyst prepared by combus-
tion method is further denoted as comb-catalyst. We propose it
has a solid solution structure!®*® for MgO similar to the catalysts
obtained using the same procedure!*” where Co may be in sub-
stitution of MgO in the MgO lattice, but this is not possible for
Mo. However, during the process, CoMoO, or MoO; can be
formed, then it can be fixed on surface of MgO but the exact
form and location of Co and Mo are unclear. Analysis by
atomic emission spectroscopy revealed a content of Co ca. ~1
wt.% and Mo ca. ~5 wt.% for both catalysts.
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Figure 1. lllustration of impregnation and combustion methods of catalyst formation started from Mo1202s(x2 OH)1ACo(H,0)s)s cluster molecules.
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Figure 2. CCVD profile of CNT synthesis.

2.3. Synthesis of carbon nanotubes

The procedure for the CNT synthesis was the same for both
catalysts and involved three steps shown in Figure 2. A cata-
lyst was distributed in a ceramic boat, which was placed in
the cold zone of a quartz tube 4.5cm in diameter embedded
in a horizontal tubular stainless steel reactor of 1 m length.
The reactor was filled with hydrogen and heated to 1000 °C.
After that, the ceramic boat was introduced into the hot
zone of the reactor. The sample was flushed with hydrogen
at a flow rate of 150 mL/min to activate the catalyst during
10 min. The CCVD synthesis was carried out in a gaseous
mixture of hydrogen and methane with different ratios and
flow rates for 30 min. Then, the reactor was flushed with
hydrogen (150 mL/min) for 10 min. As a result, black pow-
ders were obtained.

The products were treated with a concentrated aqueous
solution of HCI to dissolve the MgO support as well as all
the accessible metals. Since this acid is a non-oxidizing
agent, the used purification treatment does not introduce
functional groups on the CNT surface.**) Then CNTs were
filtered and washed with distilled water until neutral pH.
Finally, CNTs were dried in air at 80°C for 12h. In both
catalysts, cobalt is the main active metal for CNT growth
and CNT yields were calculated as 2% x 100%.

2.4. Instrumental methods

Transmission electron microscopy (TEM) images were
obtained using a JEOL-2010 microscope operated at 200kV.

Raman spectra were recorded on a LabRAM HR Evolution
HORIBA spectrometer using 514nm Ar* laser radiation.

CNTs were tested as working electrodes in a three-
electrode cell to investigate their electrochemical properties.
The method of preparation of the electrodes consisted in
a homogenization of a CNT sample (5mg) with a 62wt. %
solution of Teflon F-4D binder in aqueous solution followed
by rolling of the mixture in ethanol (a few drops) to form
a filn. Platinum foil and Ag/AgCl electrode were used as
current collector and reference electrode, respectively. The
platinum counter electrode and the working electrode were
separated with polypropylene membrane impregnated with
a 1M H,SO4 aqueous solution. Cyclic voltammetry (CV)
curves were recorded using a Biologic SP-300 instrument
in a potential window from 0 to 1V at scan rates from 2 to
1000mV/s. The specific capacity of the electrodes was
determined using the formula C= A/(V;xm), where A is
the area under the positive curve, V; is the scan rate and
m is the mass of carbon material.

3. Results and discussion
3.1. Impregnation-produced catalyst for CNT synthesis

Typical TEM images of carbon materials synthesized over
imp-catalyst are shown in Figure 3. Materials contained
entangled and bundled CNTs free from amorphous carbon
(Figure 3). High-resolution images revealed that the bundles
consisted of DWCNTs with an outer diameter ranging from
2 to 5nm (Figure 3d). These nanotubes were grown when
the flow rate of CH, was 200 mL/min. The agglomerates
contained individualized MWCNTSs and they were formed at
all used gaseous flows. The thinnest MWCNTSs with an aver-
age outer diameter of 5nm grew at 200mL/min CH, flow
rate (Figure 3d). A decrease in the flow rate to 100 mL/min
led to the synthesis of MWCNTSs with an outer diameter
varying from 5 to 10nm, with an average value of 8nm
(Figure 3b). MWCNTSs with significantly larger diameters up
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Figure 3. Low resolution (a, , €) and hlgh resolutlon (b d, f) TEM images of CNTs syntheszed using imp catalyst with a ﬂow rate of CHs 100 mL/min (a, b),

200 mL/min (c, d) and 300 e, f).

to 30nm were formed when the flow rate of CH, was
increased to 300 mL/min (Figure 3e and f). In this case,
metallic nanoparticles were observed within MWCNTSs
(Figure 3e). High concentration of carbon species in the
reaction zone can promote fast growth of CNTs and capture
of catalyst with poor adhesion to the support. In previous
work the formation of a mixture DWCNTs and MWCNTSs
was already detected using the same imp-catalyst but under
a dynamic temperature profile of CCVD process.!”

Raman spectra of the synthesized carbon materials
(Figure 4a) revealed the presence of the G-peak at
1580 cm ' corresponding to the tangential vibrations of car-
bon atoms in the graphene plane!®) and the disorder-
induced D-peak at 1350cm '.!*!] The ratio of the integral
intensities of D- and G-peaks (Ip/lg) may be used to esti-
mate the disorder in sp*-hybridized carbon materials.[*?)
Figure 4b summarizes the data on CNT yield and Ip/lg
value depending on the CH4/H, ratio and flow rate. The
lowest and highest values of Ip/I; ratio were obtained for

the CNTs synthesized with 200 mL/min and 300 mL/min of
CH,, respectively (Figure 4a). Dilution of methane with
hydrogen resulted in a lower yield of CNTs and a decrease
or no change in the Ip/Ig value (Figure 4b). Zhan et al.
observed a similar trend for the CNT yield when the rate of
CH, flow increased with a constant H, flow."”” An
improvement of the atomic ordering in CNT walls was
reported when the CH, flow increased.™! In our experi-
ments, a stationary state near the catalytic centers was
achieved at 200 mL/min of CH4 flow. A change of the flow
rate resulted in strongly non-equilibrium growth conditions
and the formation of thicker and defective CNTs (Figure 3).

We can conclude that 200 mL/min of CH, represents an
optimal synthesis condition providing a high yield of CNT's
and good structural quality of their walls. When methane
was diluted with hydrogen in a ratio 2:1 and 1:1, production
of CNTs decreased due to the decrease in carbon concentra-
tion during the synthesis. However, improvement of the
crystallinity of CNT walls in the presence of H, was
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evidenced at 150 mL/min and 300 mL/min total flow rates
of CHy/H,. At other flow rates, there was no effect of H,
addition on the disorder of the CNT structure. Ohashi et al.
proposed that the addition of H, to CH, is the necessary
condition to synthesize CNTs free from amorphous carbon
and an optimum concentration of H, in CH4 was about
1:1.1%) Reynolds et al.!* obtained the highest CNT yields
when 700sccm of CHy were mixed with 200-300 sccm
of H,. In our experiments, H, performed two main roles
for CNT formation. One of them was dilution of methane
that led to decreasing the CNT yield, and the other was the
stabilization effect of CH, during the decomposition which
promoted a decreasing density of defects in CNTs.

3.2. Combustion-produced catalyst for CNT synthesis

TEM study of the product obtained using the comb-catalyst
and CH4 with a flow rate of 200mL/min revealed highly
dispersed thin CNTs (Figure 5a). High-resolution TEM
images evidenced the co-existence of DWCNTs, triple-
walled CNTs (TWCNTs), and MWCNTs (Figure 5b). The
average outer diameter of these CNTs was 3nm, 5nm and
8 nm, respectively. However, MWCNTs with a larger outer
diameter of ~16nm were also observed in the sample.
Note that DWCNTs were not bundled, contrary to what
was obtained for the use of imp-catalyst in the synthesis
(Figure 3c and d). When the rate of CH, flow was increased
to 300mL/min, the DWOCNTs formed thin bundles
(Figure 5c and d). The growth of SWCNTs, DWCNTs and
TWCNTs is typical for catalysts prepared by combustion
method.!”*) An optimal composition of the catalyst, which
provides prevalence of DWCNTs in the CNT mixture is
Mgo,gg(Coo,ysMoo,zs)o_mO[3 ¢ and an increase in the content
of Mo leads to an increase in the number of CNT walls.*”)
The Ip/lg ratios determined from Raman spectra of
carbon products varied from 0.2 to 0.8 (Figure 6a). These
values are smaller as compared to those found for the CNTs
synthesized over imp-catalyst (Figure 4b). Figure 6b shows
CNT yields depending on the ratio and gas flow rates
of CH4y/H,. As in the previous case, the yield decreased
when methane was diluted with hydrogen. The highest CNT
yield was obtained at 150 mL/min of CH, flow rate and the

lowest yield was reached using CH,/H, with 50/50 mL/min.
The I/l ratio was 0.5 for the former product and 0.2 for
the latter one. However, the highest Ip/Ig ratio was observed
at 300mL/min flow rate of CH,. This can be assigned to a
decrease in the number of DWCNTs and an increase in the
fraction of large-diameter MWCNTSs (Figure 5c and d) due
to deviation of the synthesis conditions from the stationary
state, similarly to what was also observed with the
imp-catalyst.

Rao et al.[*”) reported that H, did not affect the yield of
SWCNTs at 800 °C, however, the yield increased when the
ratio of H,/CH, was equal to one at 900°C. Usually,
SWCNT synthesis does not occur without H,, which is
needed to decrease the decomposition rate of CH, and
hence to prevent catalyst encapsulation with carbon. Our
Raman data show that the ratio and flow-rates of CH4/H,
had an effect on the diameter distribution of SWCNTs and
DWCNTSs, with radial breathin§ modes (RBMs) that
appeared from 80 to 300cm '.!*® Positions of RBMs are
listed in Table S1 and these data indicate the formation of
both SWCNTs and DWCNTs independently on the CHy/H,
ratio and flow rate. The use of CH4 without H, provided
narrower distributions of CNT diameters which were espe-
cially characteristic of low flow rate of CH,. We assume that
CH, has enough reduction ability for the formation of metal
particles with a size acceptable for the DWCNT growth.
Addition of H, to CH,4 increases reduction ability, which
leads to the formation of a larger number of catalytically
active metal particles, but with a different size distribution.
Thus, various SWCNTs and DWCNTSs are produced, but
the yield of CNTs is decreased due to dilution of CHy.
However, there are opposite examples in the literature.
Orbaek et al.[*) identified that an increase in the partial
pressure of CH, higher than 60% in CHy/H, promoted the
carbonization of catalytic particles and decreased the effi-
ciency of the reduction of the catalyst.

3.3. Electrochemical properties

The obtained CNTs were tested as electrode materials in
electrochemical capacitors. Performances of CNTs synthe-
sized using comb-catalysts are illustrated in Figure S2.
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Typically, the specific capacitance of all electrodes increased
with decreasing scan rates due to electrolyte ions having
more time to diffuse into the volume of the samples. The
CNTs synthesized at 150 mL/min flow-rate of CH,4 exhibited
the best performance at all scan rates, which could be due
to a large fraction of MWCNTs in this sample.

Samples obtained in the same synthesis conditions
(200 mL/min of CH,) using different catalysts were selected
for a comparative analysis of their electrochemical perform-
ances (Figure 7). CNTs synthesized using the imp-catalyst
exhibited the higher values of specific capacitance at all used
scan rates. Specific surface area (SSA) and wettability of the
material have the largest impact on the capacitance at high
san rates due to the lack of time for complete diffusion of
electrolyte ions. The imp-catalyst produced the CNTs
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Figure 7. Specific capacitance as a function of scan rate of QNTs obtained with
comb prepared catalyst and imp prepared catalysts at 200 ml/min of CH, flow rate.



possessing SSA of 382m?/g, which is markedly larger than
the value of 290 m?/g for CNTs synthesized using the comb-
catalyst. At low scan rates, redox processes can provide a
significant contribution to the electrochemical capacitance.
The CV curves of the samples measures at a scan rate of
5mV/s (insert in Figure 7) exhibited the peaks at ~500 mV
on the charge curve and ~200mV on the discharge curve
corresponding to redox processes associated with the reduc-
tion of Mo®* to intermediate MoO, oxides (2.5 < x < 3).1°%
A shift between the peaks on the charge curves of the sam-
ples can be a sign of the difference of Mo states in imp-cata-
lyst and comb-catalyst. The same redox reactions were
observed in our previous work and their occurrence was
attributed to the etching of CNT ends during the CV
tests.**) It should be noted that areas of redox peaks for
both samples are very similar. Thus, it is reasonable to
assume that difference in specific capacitance arises from
SSA of the samples. The imp-catalyst produced DWCNT
bundles and MWCNTs with thin walls (Figure 3c and d).
Raman spectrum of the sample synthesized using the comb-
catalyst revealed many low-intensity RBM peaks (Figure 6a)
corresponding to SWCNTs and/or DWCNTs. However,
TEM images revealed the prevalence of MWCNTs in this
sample (Figure Sb). Some of the MWCNTs have thick walls
and this may be a reason for the smaller SSA of the sample,
causing its lower capacitance.

4, Conclusions

Two types of catalysts were prepared from Mo;,0,4(15-
OH);,{Co(H,0);}, on MgO supports by impregnation or
combustion methods. The catalysts were pretreated in
reducing atmosphere at 1000 °C during 10 min. CCVD syn-
theses of CNTs were carried out at different flow-rates of
CHy/H, during 30 min at 1000°C. The yield of CNTs
strongly depended on the addition of hydrogen and
decreased when methane was diluted by hydrogen. TEM
images revealed the formation of entangled and bundled
CNTs in the case of the imp-catalyst, whereas individual
CNTs were obtained using the comb-catalyst. According to
Raman spectroscopy data, SWCNTs and/or DWCNTs were
synthesized over the latter catalyst independently on the
feeding gas composition and flow rate. Moreover, the Ip/Ig
ratios indicated formation of less disordered CNTs in that
case as compared to CNTs grown on the imp-catalyst. The
thicker and more disordered CNTs grew on both catalysts
with an increase in CH, flow rate. An addition of hydrogen
to methane enlarged the diameter distribution of SWCNTs
or DWCNTs due to the formation of catalytically active
metal particles of different sizes. The electrochemical per-
formances of CNTs obtained using two different catalysts at
the same synthesis parameters were compared in 1M H,SO,
electrolyte. The CNTs synthesized using the imp-catalyst
exhibited a higher specific capacitance at all used scan rates
mainly due to the presence of thin-wall MWCNTs, provid-
ing a large surface area for electrolyte ion adsorption.
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Ratio of CHa/Hz | o), position, cm™

mixture, mL/min

50/0 138, 209.3, 218.5, 164.5, 162

50/50 87-92-97,2-103,4-105,5
109-127,6-134,5-138,7-141,4-147,6-157,3-164,9-168,4-176,6-
179,3
201,4-209-218-240,8-262,9

100/0 119,8-189,2-207

100/50 127,7-151,6-155,4-166,6-173,3-183-204,8
239,2-249,7-256,4
307,9-319,9

150/0 146.2-152.5-161.4
243.5-260.8

200/0 160.4-167.7-174-176.4-194.8-202.2-209.7-218.2-221.2-223
259-262-265-267.2-272.4

300/0 127.6-149-175.9
252, 308, 314

Table S1.
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Table S1. RBM positions of CNTs synthesized using comb-prepared catalyst at

different CHa4/H> ratios and flow rates.

Fig. S1. RBM Raman spectra peaks of CNTs synthesized using comb-prepared catalyst

at different CH4/H2 ratios and flow rates.

Fig. S2. Specific capacitance as a function of scan rate of CNTs obtained with comb-

prepared catalyst at different CH4/H> ratios and flow rates.





