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During synthesis of MWCNTs using CVD, role of carbonaceous material and catalyst, besides 
other process parameters, has considerable influence on the structure and yield of pristine nanotubes. 
In present study, different flow rates (i.e. 10, 25, 40 and 55 sccm) of precursor ethanol were used for 
the synthesis of MWCNTs at 750 °C in a CVD reactor, where nickel particles were supported on 
quartz as catalyst. Further, these nanotubes were characterized using XRD, SEM, TGA and Raman 
spectroscopy to investigate the effect of ethanol flow rate on the catalytic activity of nickel for optimum 
production of MWCNTs. It was observed that at different ethanol flow rates, variations in synthesis 
products (i.e. CNTs, amorphous carbon and carbon nanoparticles) were associated with catalytic 
activity. Maximum catalytic activity of nickel particles was attained by optimizing ethanol flow rate 
(at 25 sccm). At the optimum flow rate a maximum purity of MWCNTs (>83%) was attained along 
with other relevant structures i.e. amorphous carbon <1.5% and SWCNT <10% balancing with retained 
catalytic particles. Any increase from the optimum limit caused not only defects within the CNTs’ 
structure but also increased the impurities which were correlated with the reduction in activity of the 
nickel particles due to the saturation of active sites.

Keywords: multiwall carbon nanotubes, catalytic activity, catalytic CVD, ethanol flow rate, TGA, 
Raman spectroscopy

1. Introduction
CNTs are allotropes of carbon. A single-walled carbon 

nanotube (SWCNT) is a one-atom thick sheet of graphite, 
called graphene, rolled-up into a seamless cylinder with 
diameter in the order of a nanometer, which results in a 
nanostructure where the aspect ratio may exceeds 1,000,000. 
In multi-walled carbon nanotubes (MWCNTs) a single sheet 
of graphite is rolled-in around itself, resembling a scroll of a 
newspaper. The interlayer spacing in MWCNT is close to the 
distance between graphene layers in graphite; approximately 
3.3 Å1,2. CNTs have novel properties that make them 
potentially useful in many applications in nanotechnology, 
electronics, optics, composites and other fields of materials 
science. They exhibit extraordinary strength and unique 
electrical properties, and are efficient conductors of heat3-5.

There are several approaches to produce CNTs in 
sizeable quantities, including arc discharge6, laser ablation7, 
and chemical vapor deposition (CVD)8. Most of these 
processes take place in vacuum or with process gases. CVD 
growth of CNTs can take place in vacuum or at partial 
pressure.

During CVD, a substrate is prepared with a layer of 
metal catalyst particles, most commonly nickel, cobalt, 
iron, or a combination. The metallic nanoparticles can also 
be produced by other ways, including reduction of oxides or 
oxides solid solutions. The diameters of CNTs that are to be 

grown are related to the size of the catalytic particles8. This 
can be controlled by patterned (or masked) deposition of the 
catalyst, annealing, or by plasma etching of a catalyst layer. 
The substrate is heated to approximately 900 °C. To initiate 
the growth of CNTs, two gases are blended into the reactor: 
a process gas (such as ammonia, nitrogen, hydrogen, etc.) 
and a carbon-containing gas (such as acetylene, ethylene, 
methane, etc.). Nanotubes grow at the sites of the metal 
catalyst; the carbon-containing gas is broken apart at the 
surface of the catalyst particle, and the carbon is transported 
to the edges of the particle, where it forms the nanotubes. 
The mechanism is still under discussion however, the 
catalyst particles can stay at the tips of the growing nanotube 
during the growth process, or remain at the nanotube base, 
depending on the adhesion between the catalyst particle 
and the substrate9.

Of the various means for CNTs synthesis, CVD shows 
the most promising industrial scale deposition in terms 
of its economics. There are additional advantages to the 
CVD synthesis of CNTs: unlike the other methods, CVD 
is capable of growing nanotubes directly on a desired 
substrate, whereas other processes demand an additional step 
for collection of CNTs. The growth sites are controllable 
by careful deposition of the catalyst. Moreover, CVD 
also supports to grow vertically aligned carbon nanotubes 
(VACNTs) using various carbon precursors with the liberty 
of supported or floating catalysts. One of the popular *e-mail: muhammadmansoor@scme.nust.edu.pk
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methods to synthesize VACNTs is co-evaporation technique, 
where catalyst and carbon precursor are mixed. The mixture 
is then evaporated and passed through the CVD reactor 
having inert atmosphere, where synthesis and deposition 
of CNTs occurs. Main advantage of the process is “long 
active growth period” for the synthesis of CNTs due to 
continuous supply of catalyst along with carbon precursor. 
Resultant CNT products are usually a thick mat of vertically 
aligned CNTs10-13.

Maruyama et al.14 are the pioneer researchers who 
reported synthesis of SWCNT using ethanol. They prepared 
dual metallic catalyst supported on zeolite by sonication-
assisted mixing of iron acetate and cobalt acetate in ethanol 
with Y-type zeolite powder. In a CVD reactor the catalyst 
mixture was placed and ethanol vapors were passed from 
an ethanol reservoir (at room temperature) using a vacuum 
pump. The SWCNTs were synthesized at 700-800 °C.

Extending the Maruyama’s work, Kouravelou et al.15 
exhibited their work on dynamic study of CNT growth using 
ethanol. They used iron oxide particles supported on alumina 
and studied the effect of catalytic particle loadings on the 
carbon yield. A mixture of ethanol, methanol, hydrogen and 
helium was used for CNT synthesis. The CNTs produced 
were of multi-walled type.

Mendoza et al.16 introduced a variation in Maruyama’s 
approach by passing hydrogen gas through an ethanol 
bubbler and synthesizing MWCNTs at 700 °C and 900 °C 
on quartz supported catalyst (iron nitrate).They increased the 
length of MWCNTs using a process temperature of 700 °C, 
by inhibiting generation of amorphous carbon caused by 
-OH radicals.

In 2009, Maruyama and his team again reported 
their work with an approach to reactivate the catalyst by 
introducing acetylene in ethanol assisted CNT growth. 
This time they used Co/Mo mixture as catalyst at a process 
temperature of 800 °C and ethanol/acetylene as precursor. 
They observed a 10-fold increase in the growth of SWCNTs 
by catalytic reactivation17.

Another research group, Ren Yan et al.18 demonstrated 
synthesis of free standing SWCNTs film using ferrocene and 
ethanol. They employed two furnaces for this purpose; one 
for the evaporation of ferrocene/ethanol mixture at 100 °C 
and the other for pyrolysis of ethanol and synthesis of the 
CNTs. By varying the flow rate of ethanol they observed 
variations in the CNTs diameter, however, they did not show 
explicit data about the ethanol flow rates.

Recently, Jaime et al.19 has mentioned the effect of 
ethanol precursor on the synthesis of MWCNTs using 
perovskite-type oxide LaNiO

3
 as catalyst. They found that 

the catalyst is quite efficient for ethanol decomposition 
producing 3.5g

cnt
.(g

cat
.h)–1 at 700 °C and 50ml.min–1 of 

ethanol in He (50 % - v/v).
As mentioned above, the previous researchers14-19 had 

shown their work on alcohol assisted SWCNT growth by 
CVD but the effect of ethanol flow rate for the synthesis of 
MWCNTs associating catalytic activity of nickel particles 
during CVD was ignored.

In the present study, MWCNTs were grown on quartz 
substrates in a CVD reactor where ethanol was used as a 
precursor with nitrogen and hydrogen as inert carrier and 

reducing medium, respectively. The flow rate of nitrogen 
gas was used to introduce various concentrations of ethanol 
during the synthesis of MWCNTs and subsequently, the 
effect of various ethanol flow rates on the deposited CNTs 
was studied with respect to the catalytic activity of the 
nickel particles. The characterization was carried out using 
X-ray diffractometer (XRD), scanning electron microscope 
(SEM), thermal gravimetric analysis (TGA) and Raman 
spectroscopy.

2. Experimental

2.1. Description of CVD process

A horizontal tube furnace was used with nitrogen as 
a carrier gas and as dilution medium for the injection of 
ethanol whereas hydrogen was used as a reducer gas. A 
quartz substrate was coated with nickel nitrate solution as 
catalyst. A hydrogen treatment was carried out for nickel 
nitrate reduction prior to the CNT synthesis. Subsequently, 
a controlled flow of ethanol, hydrogen and nitrogen was 
introduced at 750 °C for CNT growth. Ethanol bubbler was 
kept at 45 °C during bubbling process. Typically, a process 
of 20 minutes of CNT growth was used to deposit CNTs at 
a flow rate of 10 sccm of hydrogen and 10, 25, 40 and 55 
sccm of ethanol vapors via nitrogen bubbler. A schematic 
view of the CVD reactor is shown in Figure 1. The CNTs 
batches synthesized at 10, 25, 40 and 55 sccm of ethanol 
vapors were named as A-CNTs, B-CNTs, C-CNTs and 
D-CNTs, respectively.

2.2. Synthesis sequence

The synthesis of CNTs was carried out in five stages:
•	 Coating: A homogeneous thin film of nickel nitrate 

solution (50mmol/l) was coated on the quartz 
substrates using a spin coater. Thickness of the 
deposited film was assured to be same in each case 
by using fixed coating parameters (i.e. solution 
concentration, feed quantity, feed rate and spinning 
speeds). Subsequently, the coated substrates were 
dried in an oven at 65 °C for 2 hours. After drying, 
the coated substrates were placed in the CVD reactor.

•	 Decomposition: Nickel nitrate thermally decomposes 
at 350 °C to nickel mono-oxide according to the 
Equation 120:

2Ni (NO
3
)

2
 → 2NiO + 4NO

2
 + O

2
 (1)

Therefore, the coated substrates were heated to 350 °C 
at the rate of 5 °C/min. and held at this temperature for 
30 minutes to attain a complete decomposition to nickel 
mono-oxide. The slower heating rate was desired to favor 
a gradual decomposition of the catalyst; or it might cause 
splashes resulting in heterogeneous distribution of the 
catalyst on the substrate.

•	 Reduction: The reactor temperature was raised 
to 450 °C and hydrogen gas (10 sccm) along with 
nitrogen gas (25 sccm) were introduced in the reactor 
for 10 minutes to reduce the nickel oxide into nickel 
nano particles.
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•	 Synthesis: Finally, the reactor temperature was raised 
to 750 °C at a heating rate of 25 °C/min. A relatively 
fast heating rate was helpful to avoid coarsening of 
nickel nano particles due to high temperature and 
longer time period. At reaction temperature, hydrogen 
gas was maintained at the same flow rate whereas 
nitrogen gas was bubbled through ethanol; various 
ethanol flow rates were used to synthesize CNTs. 
This process was continued for 20 minutes.

•	 CNTs removal: The processed substrates were 
washed in 0.4M HCl at 45 °C to remove the CNTs 
deposit. The removed deposits were washed and 
filtered with de-ionized water and heated in oven at 
65 °C for 1 hour before desiccation. Various stages of 
the synthesis are graphically presented in Figure 2.

3. Results and Discussion

3.1. X-ray diffraction

Powder samples of various CNT batches were subjected 
to XRD analysis using a Cu Kα radiation source and a scan 
rate of 0.05° s–1 from 18°-75° (2θ). The resultant XRD scans 
are given in Figure 3. The scans are superimposed on each 
other with a vertical off-set of 1000 CPS.

Three peaks of different intensities observed in each 
scan i.e. 26.5°, 45° and 52° are shown in the figure. The 
major peak which can be attributed to hexagonal graphite 
occurred around 26.5° and it represents (002) planes of 
CNTs21,22. Other two minor peaks represent the nickel 
catalytic particles [PDF card No: 040850]. The intensity of 
the 26.5° peak reflects the quantity and the crystallinity of 
carbon phase in the form of CNTs23. The scans indicated 
that at flow rate of 10 standard cubic centimeters per minute 
(sccm) i.e. for A-CNTs, amount of amorphous carbon was 
relatively high which rapidly diminished as the flow rate 
ascended to 25 sccm (B-CNTs). However, it again increased 
with increasing flow rates i.e. 40 and 55 sccm in the case of 
C- and D- CNTs, respectively. Other two peaks i.e. 45° and 
52° represent variation in the amounts of nickel particles 
with their intensities, while the peak broadenings depict 
their nanocrystalline size.

3.2. Scanning electron microscopy

For SEM studies, loose powder of the CNTs was directly 
sprinkled on the adhesive carbon tape supported by an 
aluminum stub. Further the sprinkled CNTs were gently 
pressed with a glass slide to ensure the CNTs were properly 
fixed on the carbon tape. The micrographs are shown in 

Figure 1. Schematic of the CVD apparatus; a) is the inset of the reactor’s temperature profile during CNT synthesis.

Figure 2. Various stages for the synthesis of CNTs.

Figure 3. Superimposed XRD scans of various CNT batches, 
peaks at 26.5° represent graphite (002), while peaks at 45° and 52° 
represent nickel catalytic particles entrapped in the CNTs.
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Figure 4, which were exposed in secondary electron imaging 
mode at 20KV.

In A-CNT specimen the CNTs were irregular in shape, 
structurally inconsistent and heterogeneous (Figure 4a). 
The fine CNTs were stemming out from the coarse CNTs. 
Trapped catalytic nickel particles were present at the ends 
and body of the CNTs; presumably the fine CNTs were 
nucleated from the trapped nickel particles causing more 
heterogeneous growth pattern during synthesis.

In B-CNT specimen, regular and uniform strands of 
CNTs were observed (Figure 4b). Amorphous carbon was 

seen in isolated regions in minute quantity. In C-CNT 
and D-CNT specimens, an increasing trend of structural 
heterogeneity, randomness and amorphous carbon was 
observed. The maximum heterogeneity was observed 
in D-CNT specimen (Figure 4c and d). Additionally, 
transmission electron microscopy (TEM) of B-CNT 
specimen was also carried out. A dilute suspension of the 
specimen in ethanol was prepared by sonication and dropped 
on a holey carbon coated grid. The specimen was studied in 
bright field mode at 200KV. A uniform spread of diameter 
(10 nm ± 2nm) was observed in the nanotubes of B-CNT 

Figure 4. SEM micrographs of the CNTs from various batches i.e. a) A-CNT, b) B-CNT, c) C-CNT and d) D-CNT. Figures e) and f) are 
TEM images of B-CNT batch, showing long MWCNTs. Inset is characteristic diffraction pattern of MWCNTs showing (002) reflections. 
Amorphous carbon is evident on the walls of the nanotubes (arrow).
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specimen. At higher magnification, amorphous carbon was 
seen on the outer walls of the nanotubes (Figure 4e and f). 
The inset in Figure 4e is diffraction pattern of the nanotubes 
showing their multi-walled nature with (002) reflections.

The comportment of CNT synthesis during the process 
could be attributed to the variation of ethanol flow rates 
as well as to the catalytic activity. Since the other process 
parameters were kept constant in all formulations equal 
amount of catalyst (ca.) were available for reaction in 
various ethanol concentrations, which helped in cracking 
and subsequent growth of carbon molecules in to CNTs. 
Increasing flow rate of ethanol from 10 sccm to 25 sccm 
resulted in better structural control and uniformity in growth 
of the CNTs. The CNTs were more regular in shape, uniform 
in structure and less contaminated by amorphous carbon. 
A further increase in ethanol flow rate caused structural 
damage to the synthesized CNTs; this could be attributed to 
sluggish activity of catalyst particles, which was unable to 
decompose increased carbon contents into MWCNTs. This 
hypothesis was further supported by TGA results.

3.3. Thermogravimetric analysis

For TGA studies, 10mg of the CNTs from each 
formulation were heated to 900 °C in air using a Netzsch 
STA 409C system. A heating rate of 10 °C/min and a 
constant flow of air were maintained throughout the heating 
cycle. The TGA plots along with the analyses of the various 
CNTs specimens are shown in Figures 5a-d, which depict 
fractional thermal stability of CNTs in terms of variation in 
mass during heating in air. Each plot consists of three curves, 
TGA, DTGA and Lorentzian fitting of DTGA, represented 
by solid line, dash-dot line and dash line, respectively.

The TG curves demonstrated oxidation start 
temperatures of various specimens at temperatures in the 
range of 310-360 °C, indicating the oxidation temperature 
of amorphous carbon present; the variation in the oxidation 
start temperatures suggests various levels of defects in the 
specimens24. A similar type of work is also reported by 
other researchers as well25,26. After initial drop in mass, the 
curves overlapped during the later stages and were difficult 
to interpret directly. Therefore, their differential curves 
(DTGA) were plotted to elucidate the change in mass with 
increasing temperatures. The DTGA curves showed mass 
changes at documented temperature ranges for different 
phases present in the samples (315-355 °C for amorphous 
carbon, 429-486 °C for SWCNTs, 582-602 °C for MWCNTs 
and 670 °C for carbon nano-particles (CNPs))27.

The quantitative analysis of each phase corresponds 
to its area under the peak, and was executed by means of 
Lorentzian fitting of the DTGA curves. Lorentzian curve 
fitting resulted in up to four fractional steps marked as step-I, 
step-II, step-III and step-IV, representing amorphous carbon, 
SWCNTs, MWCNTs and CNP, respectively27,28. In A-CNTs, 
a heterogeneous multiphase deposit was observed since 
maximum fraction was represented by amorphous carbon 
and SWCNTs. However, small quantities of MWCNTs 
and CNPs were also present in the specimen. In B-CNTs, 
more than 80% of the specimen fraction was occupied by 
MWCNTs besides diminishing fractions of amorphous 
carbon and SWCNT. In C-CNTs and D-CNTs specimens, 
increasing tendencies of amorphous carbon along with 
decreasing fractions of MWCNTs were observed.

To find activity of the catalyst, a modified approach 
was adopted, where the amount of MWCNTs synthesized 

Figure 5. TGA curves of various CNTs specimens i.e. a) A-CNTs, b) B-CNTs, c) C-CNTs and d) D-CNTs, showing worked graphs of 
DTGA and Lorentzian fitting.
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was assumed to be directly related with activity of catalytic 
particles (i.e. nickel). The catalytic activity (H

ct
) was 

calculated using following formula29:

H
ct
(%) = 100(M

p
 – M

r
)/M

r
 (2)

where M
r 
was the weight of the catalyst retained during 

TGA, which was actually consumed to decompose ethanol 
and Mp was the weight of the resulted CVD product (here 
the product is specifically MWCNTs). To control the 
skewness of the calculated H

ct
 values, the catalytic activity 

was plotted on log scale. The results obtained after TGA 
analyses are shown in Table 1 and graphically represented 
in Figure 6.

Table 1 indicates that maximum purity of synthesized 
MWCNTs was achieved with an ethanol flow rate of 
25-30 sccm, whereas minimum littering by other phases was 
also occurred. Any further increase in the flow rate resulted 
in increased levels of other phases. Moreover, a varying 
quantity of retained catalytic particles were also observed 
with ethanol flow rate, which suggests that with increasing 
flow rate a saturation in the activity of nickel particles 
occurred, as indicated in Table 1. The low activity of the 
nickel particles resulted in copious generation of unwanted 
phases especially amorphous carbon.

In Figure 6, calculated catalytic activity of nickel 
particles at different ethanol flow rates is plotted. It was 
observed that catalytic activity of Nickel particles increased 
rapidly with ethanol flow rate and attained its optimum 
values at 25-30 sccm, afterwards it decreased rapidly and 
became steady around 50-55 sccm of ethanol flow rate.

3.4. Raman spectroscopy

Raman analysis was carried out using a Raman 
Renishaw spectrometer operating with a wavelength of 785 
nm. The specimens were manually compressed between two 
glass slides in order to improve density to get measurable 
spectrum. Each specimen was scanned in the Raman shift 
range of 100-3000 cm–1. A superimposed montage of the 
curves is shown in Figure 7, where three critical Raman 
shift ranges for D, G and G’ bands have been collected. 
The D-band represents defects in MWCNTs including sp3 
bonded carbonaceous impurities and broken sp2 bonds. 
G-band emerges owing to graphitic nature of the specimen 
exhibiting crystallinity and the atomic structure. Whereas 
G’-band appears due to the long-range ordering of the 
structure and is developed from two-phonon second order 
scattering process resulting in generation of an inelastic 
phonon30.

Instead of using intensity ratios of D- and G- bands to 
qualitatively assess purity levels of MWCNTs specimens25, 
the mathematical formulae proposed by DiLeo et al.31 were 
used. They used a set of reference samples with known 
percentage of MWCNTs and selective synthesized by-
products. Changes in the characteristic Raman peak ratios 
were measured as a function of MWCNTs contents. They 
also proposed following three equations to calculate ratios 
of D-, G-, and G’- bands in order to evaluate purity of the 
respective MWCNTs specimens:

D/G
ratio

 = 0.96 – 0.0066X (3)

G’/G
ratio

 = 0.33 + 0.0045X (4)

Table 1. The results obtained by TGA analyses of various synthesized CNTs specimens.

Sample Ethanol Flow 
Rate (sccm)

Amorphous 
Carbon 
(%age)

SWCNTs 
(%age)

MWCNTs 
(%age)

Carbon Nano 
Particles 
(%age)

Retained 
Catalyst 
(%age)

Catalyst 
Activity (log 
scale values)

A-CNTs 10 36.4 31.8 12.1 14.6 5.1 2.1

B-CNTs 25 1.3 9.1 83.7 - 5.9 3.1

C-CNTs 40 58.3 - 36.9 - 4.8 2.9

D-CNTs 55 65.7 - 30.2 - 4.1 2.8

Figure 6. Graphs of the variation in different phases along with ethanol flow rates (solid lines), changes in catalytic activity with ethanol 
flow rates (dashed line).
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G’/D
ratio

 = 0.31*exp (0.21X) (5)

where, ‘X’ is the percentage of MWCNTs. By taking the 

intensities of the characteristic peaks from individual Raman 

spectrum, the amount of MWCNTs present in each specimen 

was calculated using above mentioned equations. The 

results are shown in Table 2. It could be seen that the results 

obtained by Raman spectrometry are quite comparable 

with TGA with only exception of A-CNT specimen, which 

probably arises due to the presence of SWCNTs and CNPs 

as the above mentioned equations were derived for the 

specimens containing MWCNTs and synthesis products 

other than SWCNTs.

4. Conclusions
Ethanol assisted synthesis of MWCNTs was realized in 

a CVD reactor successfully. Maximum yield of MWCNTs 
(>83%) was attained by optimizing ethanol flow rate and 
catalytic activity of nickel particles. An ethanol flow rate of 
20-30 sccm with other described operational parameters, 
proved to be optimum for efficient synthesis of MWCNTs 
as evident by various characterization techniques, however, 
nickel particles rendered maximum activity. A variation 
in ethanol flow rate other than the optimum value (20-30 
sccm) caused formation of excessive amorphous carbon 
and synthesis products along with MWCNTs, resulting 
in decrease in efficiency of overall process. The structural 
homogeneity of the CNTs is attributed to the nickel catalytic 
activity.

Table 2. Measured intensities of various Raman spectrums along with calculated purity (in terms of MWCNTs) by the curve fitting formulae.

Specimen ID D-band G-band G’-band MWCNT present in various specimens (%age)

D/G Curve fit G’/G curve fit G’/D curve fit Average 
Purity

A-CNTs 42 58 30 35.7 41.6 39.7 39.0

B-CNTs 35 89 62 85.8 81.5 83.0 83.4

C-CNTs 41 56 27 34.5 33.8 35.9 34.7

D-CNTs 42 55 24 29.7 27.7 29.1 28.8

Figure 7. A superimposed montage of the Raman curves of the specimens encompassing selection of the critical Raman shift ranges for 
MWCNTs.
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