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Spray pyrolysis chemical vapor deposition (CVD) in the absence of hydrogen at low carrier gas flow rates
has been used for the growth of carbon nanotubes (CNTs). A parametric study of the carbon nanotube
growth has been conducted by optimizing various parameters such as temperature, injection speed,
precursor volume, and catalyst concentration. Experimental observations and characterizations reveal
that the growth rate, size and quality of the carbon nanotubes are significantly dependent on the reaction
parameters. Scanning electron microscopy, transmission electron microscopy, and Raman spectroscopy
techniques were employed to characterize the morphology, structure and crystallinity of the carbon
nanotubes. The synthesis process can be applied to both semiconducting silicon wafer and conducting
substrates such as carbon microfibers and stainless steel plates. This approach promises great potential in
building various nanodevices with different electron conducting requirements. In addition, the absence
of hydrogen as a carrier gas and the relatively low synthesis temperature (typically 750°C) qualify the
spray pyrolysis CVD method as a safe and easy way to scale up the CNT growth, which is applicable in
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industrial production.
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1. Introduction

Carbon nanotubes (CNTs) have been extensively studied due
to their outstanding electrical, mechanical and optical properties
[1-4] which has led to numerous applications of carbon nanotubes
as device components, such as sensors [5,6], fuel cells [7-10], field
emission devices [11], transistors, and logic circuits [12-14]. Up to
now, different techniques including arc discharge, laser ablation
and chemical vapor deposition (CVD) have been employed for the
CNT growth [15-19]. CVD methods are particularly attractive due
to the large area deposition capability, aligned CNT growth, and
low costs [20-22]. Among various CVD techniques, spray pyrolysis
CVD reveals promising results in CNT synthesis. It provides a con-
trolled way of spraying complex carbonaceous liquids mixed with
catalyst containing molecules (metallocene powders) directly into
the deposition chamber [23] and ensures semi-continuous growth
of CNTs, which gives the possibility to scale up the method for pro-
duction of CNTs at commercially viable prices. Up to date, high
carrier gas flow rates (more than 8000 sccm) have been used in
spray pyrolysis experiments and it is still a challenge to obtain
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catalyst free CNTs with uniform diameters [24,25]. When low car-
rier gas flow rates were used, the reactant solution could not be
sprayed and fully evaporated, leaving behind metallocene residues
[26]. To achieve controlled growth of high quality CNTs with uni-
form size and high yield, a parametric study on the CNT growth in a
spray pyrolysis process is necessary. In addition, controlled growth
of CNTs on suitable substrates is one of the key impediments in
building various nanodevices. Besides CNT growth on conventional
silicon substrates, direct growth of CNTs on conducting substrates
has been exploited to improve properties of electrode materials.
This approach has provided in situ electrical end-connection for
the individual CNTs and consequently, promises potential applica-
tions in fuel-cells, lithium-ion batteries, supercapacitors, sensors,
and field emission devices [27]. However, the CNT synthesis on
metallic substrates is difficult to achieve mainly due to the degra-
dation of catalytic nanoparticles under the reactive CNT growth
conditions, i.e. the hydrogen environment at elevated tempera-
tures. Previously investigated procedures to synthesize CNTs on
stainless steel (SS) require intermediated steps associated with
substrate preparation prior to CNT growth [28-30].In this work,
vertically aligned MWCNTs were achieved on semiconducting Si,
conducting carbon microfiber, and stainless steel substrates using
amodified spray pyrolysis CVD method without hydrogen addition.
Low flow rates of argon carrier gas (175 sccm) were used for micro
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Fig. 1. The spray pyrolysis CVD system.

spraying mixtures of ferrocene in xylene at different concentra-
tions, over substrates situated at growing temperature. Parametric
studies on the CNT growth indicated that the nanotube growth was
significantly affected by the involved factors such as temperature,
injection speed, precursor volume, and concentration of catalyst
in carbonaceous precursors. The method offered several significant
advantages for instance controlling carrier gas flows without affect-
ing the spraying process, the possibility to use complex mixtures of
volatile precursors, the absence of complex substrate preparation,
and the setup simplicity. Morphology, structure and crystallinity of
nanotubes were investigated using scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and Raman tech-
niques. The absence of H, as a carrier gas and a relatively low
synthesis temperature qualify the spray pyrolysis CVD method as
a safe and easy way to scale up route for industrial production.

2. Experimental

The experimental setup was composed of an electronically con-
trolled furnace with 300 mm effective heating length, a quartz
reactor tube (i.d. 25.4 mm), and a spraying setup, respectively. The
device developed for spraying liquids injected at low flow rates con-
sisted of a carrier gas tube (i.d. 4.2 mm) which ended with a spraying
nozzle (i.d. 0.5 mm) and a sealed inner tube (i.d. 1.5 mm) that car-
ried the active solution. The pressure formed inside the carrier gas
tube pulverized the solution evenly at low flow rates, through the
nozzle, inside the deposition chamber, up to the substrate surface
situated in the middle of the quartz tube. The deposition system
and the injection device are presented in Fig. 1.

In this parametric study, oriented n-type Si(100) silicon wafers
were used as a substrate, without removing the native oxide layer.
An aluminum (Al) under-layer, with the thickness of 30 nm, was
magnetron sputtered on the Si substrate to effectively prevent the
catalyst particles from aggregation. Effects of growth conditions
have been systematically examined by changing one of the follow-
ing parameters while keeping the others fixed. The investigated
parameters were as follows: the growth temperature, injection
speed, concentration of ferrocene in xylene, and volume of active
solution injected. In the spraying process, argon was used as car-
rier gas at a flow rate of 175sccm. After the growth, the reactor
was allowed to cool down under argon flow before exposure to
air. The same procedure was used for CNT deposition on conduct-
ing substrates. Samples were characterized by scanning electron
microscopy (SEM - Hitachi S-4800), Raman spectroscopy (Ren-
ishaw Raman spectrometer with laser excitation of 785 nm), and
transmission electron microscopy (Philips CM-10). The TEM sam-
ples were prepared by sonicating a small amount of as-grown
nanotubes in ethanol for 10 min and drying few drops of suspension
on a Cu micro-grid.

3. Results and discussion

In order to optimize the growth process on Si wafers and con-
ducting substrates, a parametric study was carried out involving
perturbation of substrate temperature, injection speed, concentra-
tion of catalyst in carbon precursor, and volume injected, while

keeping other parameters fixed as described in the experimental
part.

3.1. Effect of temperature

CNTs were grown at deposition temperatures in the range of
600-900°C. All other parameters were kept constant: volume of
injected solution at 3 ml, flow rate of carrier argon at 175 sccm,
ferrocene/xylene concentration at 1%, and injection speed at
0.75 ml/min.

Fig. 2 shows SEM images of the products obtained at these tem-
peratures. The CNTs could not be produced at 600°C and only
catalyst particles were found on the substrate (Fig. 2a). This sug-
gests that there was insufficient hydrocarbon decomposition below
600 °C and the catalyst particle activity was very low, hindering the
CNT formation [31]. The experiments done at 900 °C revealed a sub-
strate covered by amorphous carbon (Fig. 2b), indicating that the
iron particles lost their catalytic activity at high temperature. On
the other hand, vertically aligned CNT arrays were obtained for all
experiments done between these temperatures. The average tube
length was 12 wm for 700°C, increased to 51 wm for 750°C, and
presented a maximum of 63 wm for 800°C (Fig. 2c). The average
diameter of CNTs (Fig. 2d) presented a maximum of 54 nm for tubes
synthesized at 700 °C (Fig. 2f) and sharply decreased to 28 nm for
tubes grown at 750 °C down to 19 nm for the ones grown at 800 °C
(Fig. 2g). At 800 °C, the CNTs were disordered, non-uniform in size,
and the diameter distribution was wider due to the agglomeration
of the catalyst particles. The Raman spectra for the nanotubes syn-
thesized at 750°C and 800°C confirm the degree of crystallinity
of the products. The intensity of the G-peak relative to D-peak
(Ip/lg =0.68, Fig. 2e curve (1)) indicates a higher structural order
of tubes synthesized at 750 °C. In comparison, the tubes grown at
800°C had a weaker line around 1580 cm~"! (Ip/I;=0.93, Fig. 2e
curve (2)) which is a signature of defects contained in graphene
walls and a low degree of crystallinity [32].

These results punctuate the temperature influence on the struc-
ture of the CNTs. At temperatures lower than 700°C, the tube
growth is inhibited by the low concentration of carbon atoms.
Increase of the temperature promotes the decomposition of car-
bonaceous liquid and CNTs are formed by dissolving, diffusing,
and precipitating the carbon atoms trough the catalyst iron parti-
cles. The dissolving and diffusion rates increase with temperature
and consequently the CNT yield becomes larger. At 900°C and
above, the carbon concentration is too high and the dissolving rate
becomes higher than diffusing and precipitating rates. The catalyst
particles lose their catalytic activity and the carbon atoms accumu-
late on the particle surface as amorphous carbon which terminates
the CNT growth.

This part of the study demonstrates that VA-CNTs can be syn-
thesized at temperatures in the range of 700-800°C. While a
maximum tube length was obtained at 800 °C, the temperature of
750 °C was the optimum one to grow quality and well-aligned CNT
arrays and was considered for the following experiments.

3.2. Effect of injection speed

The effect of injection speed on the CNT growth has been
examined in the range of 0.05-1.0ml/min while keeping other
parameters constant. The volume of solution injected was 3 ml, the
carrier argon flow rate was 175 sccm, the temperature was 750°C,
and the ferrocene/xylene concentration was 1%. The SEM images
show that vertically aligned CNT arrays were obtained for all exper-
iments (Fig. 3a). By increasing the injection speed the tubes became
shorter. The average tube length presented a maximum of 237 wm
for experiments performed at 0.05 ml/min and decreased to 48 wm
for experiments done at injection speed of 1 ml/min (Fig. 3b).
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Fig. 2. Substrate temperature influence - CNTs obtained at 600°C (a); 900°C (b); VA-CNT array thickness obtained at 700°C, 750°C, and 800°C (c); CNTs average diameter
(d); Raman spectra for the nanotubes synthesized at 750°C and 800°C (e); CNTs with 54 nm average diameter obtained at 700°C (f); CNTs with 19 nm average diameter

obtained at 800°C (g).

A higher injection speed shortened the reaction time of the
carbonaceous species with the catalyst particles and moderated
the catalyst activity. This effect was also reflected on the change
of CNT diameters. At low injection speeds, the collisions of the
active catalyst nanoparticles were promoted and the iron particles
coalesced and formed CNTs with thicker diameters. This effect
was weakened for a high injection speed. The average tube diam-
eter was 52nm for experiments done at the injection speed of
0.05 ml/min and decreased to 18 nm for experiments done at that
of 1 ml/min (Fig. 3c). By increasing the injection speed, the length
and the average diameter of the CNTs decreased. These are in
agreement with previously reported results [33] and indicate that
the injection speed has a direct influence over the average length

and diameter of CNTs. For the following experiments, the injection
speed of 0.1 ml/min was preferred by taking in consideration the
length and diameter of obtained CNTs and the easiness to control
the injection speed.

3.3. Effect of catalyst concentration

Ferrocene in xylene concentrations in the range of 0.1% and 5%
were used to study the influence of the catalyst concentration on
the CNT growth. All other parameters were kept constant: volume
of solution injected at 3 ml, carrier argon flow rate at 175 sccm, tem-
perature at 750 °C, and the injection speed at 0.1 ml/min. From the
SEM images, it can be seen that vertically aligned CNTs arrays were
obtained for all experiments (Fig. 4a). The average tube length for
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Fig.4. VA-CNT array thickness obtained using 0.1% ferrocene in xylene, 0.5%, 1%, 2.5%, and 5% (a); average nanotube length (b); average nanotube diameter and the occurrence

of bimodal diameter distribution (c).

experiments performed at 0.1% ferrocene in xylene was 11 pm. By
increasing the Fe catalyst concentration, the average tube length
increased to a maximum of 138 wm for experiments performed at
1% ferrocene in xylene. A future increase of ferrocene concentra-
tion decreased the average tube length to 103 pm for experiments
done at 5% ferrocene in xylene. These results suggest that an opti-
mum density of iron catalyst nanoparticles and carbon clusters for
the nanotube nucleation and growth are obtained when spraying
solution with the concentration of 1% ferrocene in xylene (Fig. 4b).
In the growth process, some of the sprayed catalyst particles could
not reach the substrate and were deposited on the external walls
of the formed tubes. Nucleation sites for smaller diameter CNTs are
generated and reflected in a bimodal diameter distribution of the
samples [34]. The bimodal diameter distribution was observed for
all samples synthesized using ferrocene concentrations above 1%.
At lower ferrocene concentrations, the bimodal diameter distribu-
tion disappeared (Fig. 4c).

SEM and TEM micrographs in Fig. 5 show differences in structure
between nanotubes synthesized at 5% and 0.5% ferrocene in xylene
concentrations. For high concentrations, the CNTs are non-uniform
in size, and the diameter distribution is wider. Besides large nan-
otubes with the average diameter of 58 nm, the presence of thin

nanotubes with the average outer diameter of approximately 24 nm
indicates the bimodal diameter distribution of the products (Fig. 5a
and b). The larger diameter tubes are spatially aligned while the
smaller diameter tubes are entangled. At low ferrocene in xylene
concentrations, the CNTs are uniform, with an average diameter of
42 nm diameters, and the bimodal diameter distribution is absent
(Fig. 5¢ and d). The diameter distribution diagram (Fig. 5e) indi-
catesaslightincrease of tube diameter and confirms the occurrence
of bimodal diameter distribution at high ferrocene concentrations.
The Raman spectra for the nanotubes synthesized at 5% and 0.5%
concentrations support the TEM observations. The intensity of the
D band relative to G band is slightly lower for the nanotubes syn-
thesized at the 0.5% ferrocene in xylene concentration (Ip/Ig = 0.49,
Fig. 5f curve (1)) in comparison with the nanotubes synthesized
at the 5% ferrocene in xylene (Ip/Ig =0.67, Fig. 5f curve (2)) and
indicates that the tubes obtained at lower catalyst concentrations
present fewer defects and have a higher degree of crystallinity.

3.4. Effect of volume injected

In previous studies, the influence of several reaction parameters
on the CNT length was examined by injecting a constant volume of
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Fig. 6. SEM image for nanotubes synthesized using 0.3 ml active solution (a); SEM image for nanotubes synthesized using 30 ml active solution (b); the average nanotube

length (c¢); SEM image of the nanotube roots (d).

3 ml solution for all experiments. By changing the volume of the
injected precursor, using an active solution of 1% concentration,
and keeping the other parameters constant as described in the pre-
vious experiment, a direct correlation between nanotube length
and the volume injected was observed. The nanotube length could
be controlled at a range of about three orders of magnitude from
1.7 pm when only 0.3 ml carbon source was injected (Fig. 6a) to
1.5 mm when precursor of 30 ml was injected (Fig. 6b). The varia-
tion of the injected volume related with the reaction time indicates
almost constant growth rates during the reaction (Fig. 6¢). The SEM
image of the nanotube array root shows that the catalyst remains

on the substrate during the growth process (Fig. 6d). These obser-
vations are consistent with all experiments and indicate that the
tubes grow upwards following a base growth mechanism.

3.5. Effect of substrate

The substrate preparation and growth procedure previously
described were applied to conducting substrates, such as carbon
paper (CP) and stainless steel 304 (SS). Aluminum was sputtered on
CP substrates as previously described. A sheet of SS (Brown Metals
Comp.) was cut in 1 cm x 1 cm pieces and used as a substrate with-
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Fig. 7. SEM image of CNTs grown on CP (a and b); SEM image of CNTs grown on SS (c and d); TEM image of CNTs grown on SS (e); Raman spectra of nanotubes synthesized

on CP and SS (f).

out additional treatment. The optimized growth conditions used
for growing nanotubes on conducting substrates were: ferrocene
in xylene concentration of 1%, carrier argon flow rate of 175 sccm,
temperature of 750°C, and injection speed of 0.1 ml/min. Fig. 7
presents SEM images and Raman spectra of the CNTs synthesized
by injecting 3 ml volume of solution. A low magnification image of
CNTs grown on CP reveals that the substrate was a totally covered
with densely aligned tubes with 80-85 pwm in length (Fig. 7a) and
5-48 nm in diameter (Fig. 7b), growing along the length of sub-
strate fibers. CNT layer obtained on SS substrate presented dense
CNT bundles with the size ranging from one to tens of micrometers
(Fig. 7c). The nanotubes were vertically aligned, had lengths up to
30-40 pm, a narrow diameter distribution, and an average diam-
eter of 43 nm (Fig. 7d). Besides the average length, there were no
major differences between the obtained products related to TEM
images and Raman spectra. The TEM image of the tubes on SS
reveals minor structural defects (Fig. 7e) similar to the tubes grown
on CP (not shown). This can be assigned to the deficiency of sprayed
catalyst to coalesce in uniform particles due to the substrate rough-
ness in comparison with the growth on the Si substrate. The fact
that the tubes present more defects is confirmed by Raman inves-
tigation which reveals a higher intensity of the D band relative to
G band for the tubes grown both on the CP substrate (Ip/Ig =1.28,
Fig. 7f curve (1)) and SS substrate (Ip/Ig = 1.47, Fig. 7f curve (2)).Pre-
viously investigated procedures in terms of synthesizing CNTs on
SS conducting substrates have required substrate treatment prior
to CNT growth. Typical SS treatment includes acid etching, plasma
etching, or treatment in hydrogen atmosphere [28-30]. The spray
pyrolysis method reported here does not require additional pre-
treatment for SS and provides a high CNT yield considering the
volume of carbon source used. The catalyst preparation is also
bypassed because the catalyst is directly and continuously sprayed
over the substrate along with the carbon source. These observations
indicate that both CP and SS are efficient conducting substrates for
the CNT growth by using spray pyrolysis CVD method.

4. Conclusions

The modified spray pyrolysis chemical vapor deposition has
been built in this study. CNTs have been synthesised by the mod-
ified spray pyrolysis chemical vapor deposition without hydrogen
addition at a low flow rate of carrier gas (175sccm of argon).
The effects of temperature, injection speed, precursor volume,

and catalyst/carbon source concentration, have been systemati-
cally investigated for optimizing the nanotube growth. The average
length and diameter of the carbon nanotubes decreased with
temperature and injection speed indicating the possibility of the
nanotube growth with controlled structure. The perturbation of
catalyst concentration could bring the growth of nanotubes with
bimodal diameter distribution and minor effect on tube diame-
ter variation. The optimized growth conditions were applied to
semiconducting silicon, conducting carbon paper, and stainless
steel substrates. Carbon nanotube forests have been successfully
grown on untreated stainless steel substrates. The versatility of this
method and the absence of hydrogen usage recommend it as a safe,
economical, and easy to scale up route for large-scale production
of quality CNTs on different substrates.
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