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Anin-depth understanding of the growth process of single-walled carbon nanotubes is of
vital importance to the control of the yield of the material and its carbon structure. Using
a nickel/silica (Ni/SiOx) catalyst, we have conducted a series of growth experiments
with a chemical vapor deposition (CVD) system. We find that there is a temperature
threshold in the CVD process, and if the reaction temperature sets above this threshold,
there will be no growth of the nanotubes. Moreover, we find that in association with this
temperature effect, water plays an important role in the promotion or termination of the
growth of single-walled carbon nanotubes.

Keywords: single-walled carbon nanotubes, nickel catalyst, chemical vapor deposition, nanotube growth,
temperature effect, water role

INTRODUCTION

Catalysts are important for growing carbon-based nanomaterials, such as carbon nanotubes.
Traditionally, nanoparticulate metals, especially Fe, Co, and Ni, have been used as the catalysts due
to the high solubility and diffusion rate of carbon in these metals. However, Riummeli et al. (2005)
reported that metal oxides could be used as catalyst for growing single-walled carbon nanotubes
(SWCNTs) with laser ablation technique. In addition, a report by Takagi et al. (2007) shows that even
semiconductor nanoparticles, such as SiC, Ge, and Si, can be used as the catalyst. This implies that
a range of nanosize structures could act as a template for the formation of SWCNTs. Furthermore,
an entirely catalyst-free growth has been proven possible on porous alumina substrates (Kusunoki
et al., 2000; Bae et al., 2002; Schneider et al., 2008).

The growth of carbon nanotubes has been shown to continue even when the metal particle is
encapsulated by graphene, suggesting a possible role of oxygen as a promoter for the addition of
further carbon atoms to the base of the growing tube (Riimmeli et al., 2007). Subsequent reports by
Wen et al., 2007 which found a better control over the tube morphology upon the addition of oxygen
to the precursor gas stream, suggest a role of oxygen in the formation of radical species reducing
amorphous carbon depositions in the case of O,-assisted methane decomposition (Bandow et al.,
1998; Sundramoorthy et al., 2013; Mesgari et al., 2014). More recently, silica support systems are
attracting growing attention. To this end, the studies by Liu et al. (2009a,b,2011) demonstrated the
activity of SiOy nanoparticles for the promotion of CNT growth. Moreover, the authors suggested
that SiOy nanoparticles remain solid during the growth process, hinting a vapor-solid-solid (VSS)
growth mechanism.
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As early as in 1996, Tohji et al. (1996) showed that a water
sonication of raw nanotubes made by the arc-discharge technique
could be an effective method for purifying SWCNTSs. After initially
reporting a water-assisted synthesis of Si-supported single-walled
nanotubes, Hata et al. (2004) claimed that water acted as an oxi-
dizing agent for amorphous carbon, following a similar idea for
O»-assisted growth (Yamada et al., 2008). A report by Min et al.
(2005) confirmed the effect of water for the selectivity of SWCN'Ts
over multiwalled nanotubes (MWCNTs) growth, in agreement
with the initial observation of Tohji. Following the reports on
the effect of CO,/H,O mixtures (Nasibulin et al., 2006a,b), Pint
et al. (2009) discussed the issue of the nanocatalyst stability.
The authors suggested that the water-generated surface-bound
hydroxyl species might prevent the growth of the particle through
ripening, which as a kinetic process, has been previously proven
to be effective in promotion of nanotube growth (Kim et al., 2009)
and allows an improved overall control over tube monodispersity.

Following our previous reports on chemical vapor deposi-
tion (CVD) growth of SWCNTs (Geng et al., 2002, 2004, 2005,
2006; Kleinsorge et al., 2004; Li et al., 2004; Golovko et al., 2005;
Hofmann et al., 2005; Engels et al., 2011), we wish to develop
an in-depth understanding of the role of water in the growth
process. Here, we report that using a catalytic Ni/SiOx system,
which is also supported by other catalytic systems, including Fe/
MgO, Fe/K,COs, Ni/MgO, Fe/NaCl, and Ni/NaCl, as shown in
this work, there is a threshold temperature in the CVD growth
of single-walled carbon nanotubes. If the reaction temperature is
above the threshold, the growth will be terminated. In addition,
all the experimental data suggest the important role of water
in the promotion of the nanotube growth. In comparison with
Ni-films/SiO,/Si wafer systems prepared by physical evaporation
or magnetron sputtering, the Ni/SiOx catalyst employed in this
work was prepared by a wet chemistry route, which is relatively
less explored in terms of the investigation of the roles of water.
Since the wet chemistry route is of low cost and relatively easier
to scale up, it represents one of the major techniques adopted
presently by the industry for commercial production of SWCNTTs.
An in-depth understanding of the role of water in such a system
is hence critically important for the industrial process in order to
achieve the highest possible nanotube growth yield and the best
control of the carbon nanostructure.

EXPERIMENTAL

For the catalyst synthesis, 5 g of fumed silica (Sigma-Aldrich prod-
uct) was typically mixed with 200 ml aqueous solution of nickel
formate dihydrate (¢ = 1.5 mg/ml), equivalent to a maximum Ni
loading of 1.9 wt% relative to silica. Depending on the growth
purpose, the metal loading value may be varied. The mixture was
vigorously stirred at 70°C for about 20 h before it was dried in
oven first at 90°C for 24 h and subsequently at 120°C for 3 h. The
dried samples were carefully ground by agitate mortar. The Ni
catalyst nanoparticles were formed in situ in the CVD growth
process via the thermal decomposition of the formate precursor.

Growths of SWCNTs were performed using a thermal CVD
equipped with a quartz reactor and a temperature control unit.
The CVD was set in a fume hood equipped with an Argon (Ar)

gas line. For each experiment, the reactor was first heated to the
desired temperature (700-1100°C) under a flow of Ar. When the
system stabilized at the target temperature, a quartz boat con-
taining the catalyst was placed in the center of the tube reactor.
Immediately afterwards, methane gas (CH4) was introduced into
the reactor as carbon feedstock. A typical gas flow rate was 1.0 1/
min for Ar and 0.3 I/min for CH,. The growth time was 20 min
for each run.

Scanning electron microscopy (SEM) characterization was
performed using a JEOL 6340-FESEM system operated at 5 kV for
the as-made products without any metal coating. Transmission
electron microscopic (TEM) examinations were conducted with
a 2100F FEG TEM system operated at 200 kV. TEM samples
were prepared by ultra-sonication of toluene-suspended carbon
nanotubes and the subsequent dispersion of the sample onto
TEM Cu grid (Agar Scientific, holey carbon film, 300 mesh).
Energy dispersive X-ray spectroscopy (EDX) was used to analyze
the elemental composition of the catalysts. In addition, scanning
transmission electron microscopy (STEM) was employed to
examine the metal nanoparticles and SWCNTs in both bright
and dark fields.

Laser Raman measurements were conducted using micro-
Raman spectrometers with varied laser excitation wavelengths
(A=488,514.5,568,and 633 nm, respectively). Each apparatus was
equipped with a microscope, a video camera, and the Renishaw
software. A spectral resolution of 0.1 cm™ and a laser spatial
resolution of 1.0 pm were applied to the measurements. Water
contents in the catalytic supports were measured by elemental
analysis (EA), with which the samples were burned in a pure oxy-
gen atmosphere followed by a quantitative analysis of hydrogen
through the measurement of the changes of thermal conductance
of a Pt wire using a CE 440 Elemental Analyzer. The SWCNTs
yield was also measured by this method via a quantitative analysis
of carbon from product CO; after burning the carbon nanotube
samples in oxygen. Thermal gravimetric analysis (TGA) was
carried out using a Mettler Toledo TGA/DSC Star System with
a heating rate of 10°C/min and temperatures of up to 900°C, in
both air and nitrogen atmospheres.

RESULTS AND DISCUSSION

While SEM images of the as-grown carbon nanotubes (Figure 1)
showed a quite abundant growth activity on the silica support,
high-resolution TEM analysis (Figure 2A) revealed that the prod-
uct was single walled, mainly in the form of small bundles. A large
number of small particles (1-2 nm), located mainly within the
nanotube bundles, were also observed. These nanoparticles were
believed to be the Ni catalysts which had assisted the nanotube
nucleation and the growth. To confirm this, the nanoparticles
were further examined by STEM in both bright and dark-field
modes (Figures 2B,C) as the dark-field analysis allowed an
additional surface information to be obtained from the higher
contrast of the nickel relative to the carbon background.

The EDX spectra (in Figure 2) showed the presence of both
K and L edges of the nickel. A strong oxygen K-edge turned
up from the particles sitting on top of SiOx support, no such a
signal could be observed from those particles embedded within
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FIGURE 1 | SEM images of the as-made SWCNTs on SiO, support at different microscopic resolutions. Both the nanotubes and SiOx particles can be
seen from the images. From (A-D) the images of the same sample with gradually increased resolutions.

FIGURE 2 | (A) TEM image of the as-made SWCNTs on silica support; (B) STEM image of the SWCNTs in bright field; (C) STEM image of the area shown in (B) in
dark field. The EDX spectra were acquired from the nanoparticles circled in red in (C).

nanotube bundles. Clearly, these analyses allow us to conclude
that the nanoparticles are indeed metallic Ni, and the oxygen
K-edge signal is from the oxide support. The nanotube yield was
estimated by EA. For example, with a CVD growth operated at

T = 920°C for 20 min using Ni/SiOx as catalyst/support, the
nanotube yield was measured as 2.47 wt% relative to the catalyst/
support. As catalytic Ni% loading was 1.9 wt% on silica support
in this case, the nanotube yield can also be calculated as 130 wt%

Frontiers in Materials | www.frontiersin.org

February 2016 | Volume 3 | Article 4


http://www.frontiersin.org/Materials/archive
http://www.frontiersin.org/Materials/
http://www.frontiersin.org

Geng et al.

Temperature Threshold and Water Role

relative to the pure metal loading, which means that each 100 g
of Ni had produced 130 g of SWCNTs.

Figure 3 shows an example of Raman spectra recorded from
the as-prepared samples at different excitation wavelengths.
While the D peak (~1354 cm™) remains comparably weak, the
strong G peak is composed of three components typically associ-
ated with SWCNTs (~1525, 1545, and 1591 cm™, respectively, in
this case). The small ratio of the intensities of D to G (Ip/Is ~ 0.16)
indicates a low level of defects in the product. Depending on the
wavelength of the excitation laser, the radial breathing modes
(RBM) were observed in the region between 148 and 300 cm™.
From these modes, which are inversely proportional to the tube
diameters [f (cm™) = 223.75/d (nm)] (Bandow et al., 1998;
Sundramoorthy et al., 2013; Mesgari et al., 2014), the tube diam-
eters were estimated to be in the region of 0.76-1.51 nm, with an
average diameter of 1.14 nm.

To obtain in-depth understanding of the nanotube growth
process, we performed a series of CVD growths at different reac-
tion temperatures starting from 720°C. These experiments were
based on a set of preliminary growth tests with the same catalyst.
Figure 4 shows the result of the Raman characterization of the
products. As can be seen from Figure 4, the Raman profiles are
almost the same for samples made below T' = 920°C in terms of
the scattering positions. Moreover, all the profiles clearly show
the characteristic of SWCNTs. It was noticed that even if the
samples were irradiated by 100% powered laser for 8 min, the
recorded spectra underwent no any noticeable change at all. This
observation, together with the low D/G ratios, suggests that the
nanotubes are highly robust in their graphitic structure and have
an excellent quality. However, when the CVD temperature was
raised to 970°C, the Raman profiles started displaying stronger
D peaks and weaker RBM. If the temperature was further raised
to 1050°C, no RBM could be observed, which indicates that no
SWCNTs were produced in the CVD. Instead, the typical feature

——514 nm
—— 633 nm

Intensity (a. u.)
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Raman shift (cm™)

FIGURE 3 | Laser Raman spectroscopic measurements of the
as-prepared SWCNTs produced at 820°C. The wavelengths of the
incident lasers are 514 and 633 nm, respectively.

of carbon nanofibres appeared, i.e., a wider and stronger D peak
and a large D/G ratio approaching to 1.0. This indicates that
there is a threshold temperature in the CVD growth system: if
the reaction temperature is above the threshold, there will be no
growth of SWCNTs. In this work, such a threshold temperature
is estimated to be about 970°C.

This temperature-dependence phenomenon prompts us to
investigate the underlying reason. We noted that the silica sup-
porting material employed in this work contained water in the
microporous structure and the water is removable by calcining
the material at T > 900°C. Moreover, since the catalysts were
prepared in aqueous solutions, the preparation process allowed
a further intake of H,O into the porous SiOx. The water could
not be totally removed from the supports before CVD growth
although the materials were dried by oven at 90°C for 24 h and
subsequently at 120°C for 3 h (also see TGA and EA below). Could
a small amount of H,O be the reason for promoting the growth
of SWCNTs in a suitable temperature range? If so, a complete
removal of water from the system could be responsible for the
termination of the growth at temperatures above the threshold.
To answer this question, we first note that there are already
reports on the important effect of water in the growth of SWCNTs
such as the case of vertically growing SWCNTs on silicon wafer
(Hata et al., 2004; Yamada et al., 2008). In the present case of
using porous silica powder support, water is believed to have also
played an important role by acting as the growth promoter.

To confirm this view, we measured the water content in
the catalyst/support and observed its release process from the
microporous structure by performing TGA analysis in both nitro-
gen and air (Figure 5). In both cases, a major sample weight loss
occurred at ~250°C due to thermal decomposition of the catalyst
precursor, nickel formate (Geng et al., 2002, 2004). Unlike many
other Ni-containing salts, this compound decomposes directly
into metallic Ni particles and gas species (H,, H,O, CO, and CO)
without forming the oxide intermediate (NiO) in a gas flowing
system. This makes the normally required reducing agents such
as H, no longer necessary for in situ formation of pure metallic
nickel. While the TGA data obtained in air showed a weight
increase at temperatures higher than 600°C owing to the re-
oxidation of the Ni nanoparticles, the data obtained in N, showed
a continuous loss of H,O until 900°C, the apparatus’s maximum
operating temperature. However, this result indicates that water
remains in the silica support and cannot be completely removed
until at least 900°C. To further test the water-loss behavior, we
heated the catalyst/support in a tube furnace to 1000°C in argon
for 20 min, and subsequently used EA to determine the residual
water amount. Within the experimental error, the water residue
level was found to be very low after such a heat treatment, with
the resulting H = 0.09 wt% corresponding to H,O = 0.81 wt%.
This suggests that the heat treatment has resulted in almost com-
plete removal of water from the silica at 1000°C, a result which
is consistent with our observation that in the CVD system, the
threshold growth temperature is about 970°C, above this thresh-
old there would be no growth of SWCN'Ts.

Additional evidence supports the role of water as the growth
promoter. In addition to the Ni/SiOx system, we prepared a range
of catalysts using the same wet chemistry method. Using both
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FIGURE 4 | Laser Raman spectra of SWCNTs produced at different CVD temperatures. From 1 to 6, the reaction temperature corresponds to 720, 770,
820, 870, 920, and 970°C, respectively. In this case, the spectra were obtained from a microspectrometer using an Ar* ion excitation laser at A = 514 nm, with a
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water-resistant oxides such as MgO and ALO;, and water-soluble
salts such as NaCl and K,CO; as the supports, we prepared the cat-
alysts of Ni/NaCl (from nickel stearate, with a number of samples
of having a series of metal loadings between 0.005 and 0.5 wt%),
Fe/NaCl (from iron stearate, metal loading ~0.005 wt%), Fe/
K,CO; (from iron nitrate, metal loading 1.0 wt%), Fe/MgO (from
iron nitrate, a number of samples with a series of metal loadings
in between 0.20-0.85 wt%), Ni/MgO (from nickel formate, a
number of samples with a series of metal loadings in between
0.20-2.0 wt%), and Fe/Al,O; (from iron sulfate, a number of sam-
ples with a series of metal loadings in between 0.10-2.0 wt%). We
observed that similar to the SiOx system, MgO and ALO; can also
be used to efficiently produce SWCNTs under similar CVD con-
ditions. However, despite a great deal of efforts by experimentally
varying the catalyst precursors, metal loadings, and CVD reaction
conditions, no SWCNTs could be grown with the NaCl or K,CO;
system. Further analysis reveals that similar to silica, both MgO
and ALO; powder have a microporous structure, which can help
to retain water, and a trace mount of water contained in the pores
cannot be completely removed unless a high temperature treat-
ment at ~1000°C is applied. However, in contrast to these oxide
supports, NaCl and K,CO; are crystalline grains and the crystals
have flat and smooth surfaces so they do not have a microporous
structure and hence are unable to retain water.

The above tests and analysis clearly support the view that
a trace amount of water in the catalytic supporting materials
would be crucial to the promotion of SWCNT growth. The
acting role of water is still poorly understood at the moment;
here, we only intend to tentatively suggest the following mecha-
nism: water could help to etch amorphous carbon away via the
water-gas reaction (Cotton and Wilkinson, 1980) at elevated
temperatures, H;O + C — CO + H,, as schematically illustrated
in Figure 6. In this way, water acts as an oxidizing agent, and
the removal of amorphous carbon promotes the growth of
single-walled carbon nanotubes. Other mechanistic possibilities
could coexist in the CVD system. For example, water could be a
source of surface-bound OH species, which help to prevent the
over growth of catalyst nanoparticles through ripening and with
this mechanistic process, the growth of single-walled carbon
nanotubes is favored (Zhang et al., 2005; Amama et al., 2009;
Pint et al., 2009).

CONCLUSION

We have investigated the CVD growth of single-walled carbon
nanotubes using a silica-supported nickel catalyst. We find that
there is a temperature threshold in the growth process, and if
the reaction temperature is above the threshold, there will be
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FIGURE 5 | TGA analysis, in both air and nitrogen atmosphere, of the catalyst (nickel formate coated on fumed silica) to show the sample weight
loss caused by thermal decomposition of the nickel precursor and the removal of water from the micropores of silica.
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FIGURE 6 | A schematic shows the kinetic growth process of SWCNTs
and the associated role of water played as the intermediate between
gas phase carbon and nickel catalyst to etch amorphous carbon
away. Schematic (A-C) corresponds to the initial state of the catalyst
without any carbon feedstock, the introduction of methane gas in the CVD
system, and the growth stage of SWCNTSs, respectively.

no growth of single-walled carbon nanotubes. Along with the
temperature effect, we have analyzed the role of water in the
growth process. All the experimental data suggest that water is
a necessary component in the CVD process and it promotes the
growth of single-walled carbon nanotubes when presented as
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