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Influence of the Catalyst Hydrogen Pretreatment on the Growth of
Vertically Aligned Nitrogen-Doped Carbon Nanotubes
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Thin vertically aligned N-doped nanotubes with narrow layered nanotube diameter distribution and a
defined doping level have been synthesized by chemical vapor deposition. Multilayered catalysts and a
pure acetonitrile C/N feedstock have been employed. The observed nitrogen content was up to 6% with
a predominant sp® bonding configuration in relation to other nitrogen incorporated forms. Depending on
the process parameters, we were able to tune the nitrogen content and the formation ratio of small nanotubes
to bamboo nanotubes. The use of multilayer catalyst allows a large temperature window in which
substitutionally doped structures form in comparison to other catalysts.

1. Introduction

The outstanding properties encountered in carbon nano-
tubes make these nanometer-sized structures a very active
and attractive field of research.' In particular, single- and
double-walled tubes might successfully be used in applica-
tions in the semiconductor technology when their electronic
properties are tuned in a controlled manner. An ideal
alternative is the presence of substitutional doping atoms such
as N or B introduced in the hexagonal lattice, leading to the
formation of n or p type semiconductors.”

Regarding the synthesis of N-doped nanotubes, common
nanotube growth methods such as arc-discharge®* and
chemical vapor deposition (CVD) related methods,”® have
been successfully employed. Among these, CVD has proved
to be relatively more effective when aiming for a high yield
of single-walled nanotubes. When synthesizing N-doped
CNTs by CVD methods, any C/N feedstock requires not only
an optimization of the temperature window in which the
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N-doped nanotubes are formed but also a clear determination
of the C—N bonding environments present in the sample,’
which has been shown to be particularly temperature
sensitive.'” Furthermore, the purity of the samples can be
compromised not only related to the formation of carbon-
aceous coproducts but also because of the presence of
remaining catalysts. In this context, the possibility of using
films of catalytic material has been previously reported''-'?
in order to yield nearly catalyst free nanotubes.

In this work, we report the growth of vertically aligned
single- and few-walled N-doped CNTs synthesized by means
of CVD of pure acetonitrile on multilayer catalysts of
different compositions. The N incorporation profile and
morphological characterization have been performed as well
as a detailed analysis of the bonding environment according
to synthesis parameters. To the best of our knowledge, this
method represents the most effective route to producing
N-doped few-walled carbon nanotubes free of catalytic
material. Concomitant with previous investigations, this
provides the advantage that the samples can easily be
removed from the catalytic substrate by mild sonication and
further employed for applications. In addition, the same
substrates can be reused for new synthesis experiments.
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Table 1. Different Multilayer Catalytic Substrates Employed
Si (mm) SiO, (um) Al,O3 (nm) MgO (nm) Mo (nm) Fe (nm)

ML1 0.5 1 10 1
ML2 05 1 10 1
ML3 0.5 1 10 0.5 1
ML4 05 1 10 1 1

2. Experimental Section

To synthesize the nanotube material, a CVD reactor was built
as described in previous work.'® This experimental setup consists
of a quartz tube placed horizontally through a tuneable hot zone
tubular furnace. This allows an accurate control of small steps of
temperature gradients besides the use of a pumping system, allowing
high-vacuum initial conditions. An acetonitrlile C/N feedstock inlet
was coupled to a CF type valve on the other end of the furnace to
release the solvent.

Pursuing a base growth mechanism, we employed multilayered
metallic films of different compositions. The films were deposited
on thermally oxidized Si H0OU(1um SiO,) by means of electron
beam evaporation as described in detail elswhere.'*'* The layer
composition and thickness of the multilayered catalyst films are
summarized in Table 1.

The multilayers were placed into the CVD reactor, which was
subsequently evacuated to a vacuum always better than 1 x 1077
mbar as base pressure, while the temperature was increased to 200
°C. From this stage, a reduction of the topmost layer was carried
out in the presence of a H, atmosphere (typically 50 mbar for our
system) and evaluated at different temperature values. For the
different multilayers, the optimal H, treatment temperature was
tested independently, increasing the base reduction value of 200
°C with 50 °C steps up to the nanotube growth temperature range
(for acetonitrile, from 750 to 900 °C in our experiments). Once
this temperature was attained, the system was again evacuated to
the initial base pressure and subsequently exposed to the C/N
feedstock’s vapor. The synthesis time was optimized at 8 min for
our system. During this time the pressure in the reactor raised to
the value of the vapor pressure of acetonitrile combined with the
formed species (a needle valve was employed to maintain ~89
mbar). Immediately after the synthesis, the feedstock was closed
and the system was switched off and slowly cooled.

An FEI Nova NanoSEM scanning electron microscope and a
FEI Tecnai F30 analytical transmission electron microscope (TEM),
operating at 300 keV, were used for an overall morphological
characterization. For high-resolution imaging, the nanotube material
can easily be detached by mild sonication in isopropanol and
transferred onto holey carbon grids. A Bruker FT-Raman spec-
trometer operating in ambient conditions with a laser excitation of
1.16 eV (1064 nm) was employed. To determine the nitrogen
content and the bonding environment within the grown structures,
X-ray photoelectron spectroscopy (XPS) was performed using a
PHI 5600 spectrometer equipped with a monochromatic Al Ko
source (1486.6 eV) operating with a base pressure of 1 x 10~°
mbar and an overall spectral resolution of 0.5 eV. To map the
surfaces of the catalysts, we used a multimode AFM (Nanoscope
IIa, Digital Instruments) equipped with a Si3Ny tip (K = 0.075
N/m). The microscope was operated in contact mode for checking
the surface. The images presented here have been treated by a
simple planar processing.
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3. Results and Discussion

The structure of the multilayered substrate has been
observed to play a crucial role in the material growth. As
illustrated in Table 1, four different layer combinations (from
this point labeled in the text as ML1—ML4) were employed.
These have been previously shown to be efficient for
vertically aligned SWCNT growth from cyclohexane.'? In
that case, the composition from ML1 was optimal. However,
the nanotube yield achieved with ML1 when using aceto-
nitrile is relatively small. In this case, the catalyst films
containing MgO (ML2—ML4) worked better. The highest
yield was optimized employing the ML2 composition. This
film, in contrast to ML3 and ML4, contains no Mo as
cocatalyst. Unless stated differently, ML2 was used for the
optimization of the acetonitrile-based growth of N-doped
vertically aligned CNTs.

To analyze the superficial morphology of these catalysts’
prior nanotube growth, we inspected the substrates with and
without H, treatment by AFM and SEM. To visualize the
superficial changes according to the pretreatment, we show
a summary of representative images in Figure 1. Starting
with the substrates annealed without H, shown in the right
lower panel in Figure 1d, we can observe the profile of three
substrates that were heated to 800 (d,), 500 (d3), and 300
°C (d4) in vacuum. The SEM image in Figure 1d, represents
the typical top view of a substrate after heating. No evident
difference was observed between surfaces by this method;
therefore, a further AFM analysis was required in order to
visualize the detailed superficial structure. The corresponding
images are shown in the same 1d panel and their roughness
(rms) values are 51.96, 29.431, and 31.37 nm, respectively.
As clearly noticed, the higher temperature produces a higher
roughness of the surface, which can be attributed to the
decomposition (oxygen liberation from the second-layer
MgO) or detachment due to superficial tension.

Looking at the images obtained from the same catalytic
multilayer film but now with H, treatment, we clearly see
that the surface morphology is not only influenced by the
temperature but also by the presence of hydrogen. The
roughness of the surface suffers an evident transformation
that favors the formation of nanometer-scale islands on the
films that appear retracted because of the heating treatment.
Images a—c in Figure 1 correspond to the H, treatment
starting at 500, 350, and 300 °C, respectively. It is also
observed that the increase in the temperature produces higher
roughness of the surface. However, the local morphology
varies by the temperature at which the H, treatment is
applied. The apparent porosity of the topmost layer upon
treatment exhibits a favorable catalytic activity toward the
synthesis of SWINTs, and this leads us to pay special attention
to the pretreatment of the catalysts, which is analyzed in
detail in the following paragraphs.

It has been observed that their activation through H,
reduction has a crucial effect on the formation of nanotubes.
Not only the morphology and yield are affected but also the
nitrogen incorporation profile. If no reduction at all is
employed, very limited nanotube growth is observed. The
same situation occurs when starting the reduction above 750
°C. We have observed that the ideal temperature window at
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Figure 1. AFM and SEM superficial characterization of a multilayer substrate of 10 nm MgO and 1 nm Fe after annealing at (a—c) 800, 500, and 300 °C,

respectively, in the presence hydrogen, and (d) in a vacuum.

Figure 2. SEM characterization of nanotubes grown from acetonitrile
employing multilayered catalytic films. (a) Micrograph exhibiting the overall
morphology of vertically aligned N-doped nanotubes in a sample grown
from a catalytic film reduced at 200 °C. (b) High-magnification micrograph
of nanotube material grown from a multilayer without H , treatment.

which the films should be reduced is between 250 and 500
°C for optimal yield. Out of this range, the nanotube growth
amount decreases dramatically either because of the forma-
tion of superficial compounds attached to the topmost layer
inhibiting the catalytic activity or rapid aggregation of the
thin Fe layer.">!'® Furthermore, the optimal temperature
window in which few-walled nanotube material is formed
lies between 790 and 880 °C, independent of the H,
treatment. In Figure 2a wide-area SEM micrograph shows
vertically aligned nanotubes with uniform lengths of ~5 um
over an area of 1 mm? The substrates that had no H,
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reduction exhibited a much lower yield characterized by
spaghetti-like structures laying on the substrate surface as
seen in Figure 2b. Unlike the supported and floating catalyst
CVD methods, using multilayer catalysts for the production
of N-doped nanotubes increases the width of the temperature
window in which N-doped few-walled nanotubes are grown
effectively with substitutional doping. This will be discussed
on the XPS analysis later in this section. The catalytic activity
of the film has to be optimized in direct relation with the
feedstock. Even when using pure C/N feedstocks widely
employed for N-doped nanotube growth, such as benzyl-
amine and acetonitrile, we obtain completely different results.
Just for comparison purposes, we tested the same multilay-
ered film in a benzylamine environment, which has proved
to yield high-quality N-doped nanotubes by different syn-
thesis methods.®'® A sample grown from the ML2 film with
a acetonitrile C/N source yields a dense growth of vertically
aligned few-walled nanotubes, whereas the same multilayered
substrate in a benzylamine environment exhibits a 10:1
decrease in nanotube formation. In addition, it has been
observed that the reduction process has a direct influence
on the N incorporation within the nanotube structure, where
the bonding environments formed are strongly dependent on
this pretreatment.

The samples that exhibited dense forests of vertically
aligned nanotubes were removed from the substrate and
dispersed in isopropanol to be examined by means of bright-
field and high-resolution TEM (see Figure 3a—h). It has been
corroborated that this method effectively yields practically
catalyst free samples. Furthermore, employing acetonitrile
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Figure 3. Transmission electron microscopy characterization of nanotubes
grown from acetonitrile employing multilayered catalytic films. (a) Low-
magnification micrograph showing the overall morphology of a vertically
aligned sample removed from the substrate by mild sonication. (b) Multiple
morphology sample exhibiting a thin nanotube and part of a compartmental-
ized N-containing nanotube. (c) Bundled N-doped SWNTs. (d, e) Single-
and double-walled nanotubes rolled around and bundled with MWNTs. The
high-magnification image in (f) corresponds to the circled area in Figure e.
(g) High-resolution image of a MWNT with 8 walls and hollow-core. This
morphology predominates in samples grown between 790 and 880 °C. (h)
Few-walled nanotubes with compartmentalized structure.

as feedstock, we obtained N-doped few-walled nanotubes
in the optimal temperature and pretreated catalyst conditions.
Regarding the morphology of individual tubes,we observed
that for the highest yield of vertically aligned samples, the
nanotube films are up to 5 um long. However, a less densely
packed growth leads to the formation of tubes that can be
longer (more than 3 times longer). As described later in
detail, a multiple morphology with predominating SWNTs
(images b and c in Figure 3) and few-walled nanotubes
(Figure 3e—h) is obtained in optimal conditions. We observed
in all samples that although the number of walls does not
exceed eight shells (Figure 3g) under the same circumstances,
the morphology of compartmentalized nanotubes is unavoidable
when employing acetonitrile. A bamboolike structure is char-
acteristically observed in most N-containing nanotubes,**!7-'8
forming stacked pockets in which nitrogen encapsulates. In our
samples, a low percentage of thick bamboo-like MWNTSs
(see Figure 3d) has been found (<20%). In these few formed
MW tubes, in contrast to previously reported work,'® we
have not observed an increase in the diameter of multiwalled
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tubes according to the temperature. The predominant mor-
phology in all samples in the 790 and 880 °C window
corresponds to single- and few-walled N-doped nanotubes.
For the samples grown in this temperature window, in which
the substrate was reduced starting from 250 °C, ~50% of
the nanotubes have up to 4 walls and exhibit compartmental-
ized structure, in which the sections range between 20 and
40 nm in the direction along the tube axis as illustrated in
Figure 3h.

The micrograph shown in figure 3a is a low-magnification
overall view of a sample grown from a substrate reduced at
500 °C. From an image evaluation, we observe that in this
case, the presence of thick multiwalled nanotubes (> 8 walls)
is more evident. Nevertheless, in these samples, single- and
double-walled nanotubes are also present and appear attached
or rolled around the long thick MWNTs (Figure 3d) and
bundled with thin few-walled nanotubes (Figure 3e). The
high-magnification image in Figure 2f corresponds to the
circled area in Figure 3e that shows a cross-section of an
opened DWNT. For the optimal conditions with the highest
yield of few layer CNTs (7"= 835 °C, H, treatment between
250 and 500 °C, ML2) we performed a statistical analysis
of several TEM micrographs and observed a diameter
distribution between 1 and 5 nm with a maximum around 2
nm. This distribution of the small nanotubes is independent
of the synthesis temperature and H, treatment, but strongly
depends on the type of the multilayer catalyst. The actual
difference lies in the overall yield of these N-doped
nanotubes.

In summary, it is important to notice that the catalytic
substrate reduction plays a crucial role in the structure of
the nanotubes. Furthermore, it has been observed that the
bonding environment of the N in the doped structures varies
dramatically according to the reduction of the uppermost
oxidized layer. To elucidate the influence of the two key
synthesis parameters on the high yield growth of thin CNTs
(the synthesis temperature and H, treatment for efficient
catalyst reduction), we performed a detailed study of the
nanotube growth from ML2 films. Therefore, we analyzed
in detail the bulk properties of tubes grown from ML2 films
reduced at 300 and 500 °C.

We now turn to a detailed Raman analysis of the overall
yield of small nanotubes and the overall defect concentra-
tion. The results for the films reduced at 300 and 500 °C
are depicted in Figures 4 and 5, respectively. The left
panels of the figures show the radial breathing modes
(RBM) of thin nanotubes. It is well-known that the
diameters of thin tubes can be determined by wgrgm = 223/
d, + 10." With the 1064 nm laser from the FT-Raman
spectrometer, the RBM mode responses between 225 and
300 cm ™!, corresponding to SWNT diameters between 0.6
and 1.2 nm, are visible in both cases. This outlines the
efficiency of pure acetonitrile as a C/N feedstock to
produce high-quality SWNTs. The highest relative yield
of these nanotubes is peaked around 835 °C. It is worth
noting that for the two sets of samples, the synthesis
temperature window is remarkably different. When the

(19) Fantini, C.; Jorio, A.; Souza, M.; Dresselhaus, M.; Pimenta, M. Phys.
Rev. Lett. 2004, 93, 147406.
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Figure 4. Raman spectra of a sample synthesized with H; reduction at 300
°C. The left side panel shows the RBM corresponding to the single-walled
nanotubes present in the sample. The right side shows the relative D/G
ratio. The (*) 825 °C represents a sample grown in the furnace zone where
the feedstock has not reached the maximum temperature.
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Figure 5. Raman spectra of a sample synthesized with H, reduction at 500
°C. The RBM correspond to the laser resonance single-walled nanotubes
present in the sample. The right side shows the relative D/G ratio.

substrate is reduced at 300 °C, the yield drops noticeably
with temperature, whereas for the 500 °C treatment, a low
variation of the yield is observed with the synthesis
temperature. In addition, the thicker nanotubes observed
in our TEM analysis for both sets of samples are outside
the resonance window of our FT-Raman system. The right
panel depicts the disorder-induced second-order defect
D-line and the tangential modes (G-lines), respectively.
From the intensity ratio of the D and G lines, the relative
defect concentration can be evaluated. For CVD-grown
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Figure 6. Typical Cls spectra of the samples synthesized from the different
multilayered samples. The red solid curve corresponds to the sample reduced
at 500 °C, the dotted black line is the sample reduced at 300 °C, respectively.
The inset shows a typical survey scan of the samples.

MWCNT, this value usually ranges between 1:1 and 1:2,%°
revealing a high defect concentration. On the other hand,
for SWNT and double-walled NT, the D/G ratio is much
lower and on the order of 1:20 for both pristine*' and
N-doped samples.'® We observed that the optimal D/G
ratio is 1:15. The relative defect concentration is also
related to the overall yield of thin nanotubes. This
illustrates a strong influence of the synthesis window on
the quality of the nanotube material produced.

As a final point we turn to the analysis of the elemental
composition of the as-produced samples by means of XPS
in order to detect the content and bonding environment of
the carbon and N species. Figure 6 depicts a comparison of
the C1s spectra obtained for the two sets of samples. It turned
out that for both sets, the position and line shape of the Cls
response is independent from the synthesis temperature.
Therefore, each curve represents a typical spectrum with the
main peak at 284.7 eV. This value is similar to the previously
reported for pristine and N-doped SWNT and DWNT!?2?
and confirms the nearly pure formation of carbon nanotubes
employing acetonitrile as feedstock. The actual difference
between the corresponding Cls peaks of the two sets lies in
the line shape. Pristine samples, as well as N-doped samples
with low doping, show a Doniach—Sunjic line shape with a
small asymmetry. In our samples, a pronounced shoulder at
287 eV is observed. This shoulder is attributed to a
distribution of different C—N bonding species. From the
relative intensities between the overall Cls to the overall
N1s response and taking into account the relative atomic
cross sections, we observe a N content of 2% for the samples
reduced at 500 °C and 6% for the samples reduced at 300
°C. In both cases, this overall N content is only weakly
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dependent on the synthesis temperature. This is in good
agreement with the above-mentioned interpretation of C—N
bonding species, because the shoulder in the Cls response
is much more pronounced in the latter having roughly double
the relative intensity.

To gain more insight into the bonding environment of the
different N species and the N incorporation profile in the
produced nanotubes,we performed a detailed line shape
analysis of the two sets of samples. For the nitrogen spectra
recorded in the ntrogen region as depicted in Figure 7, we
observe that the N incorporation profile for both sets of
samples varies drastically from one to another. However,
we observe in all of them that the spectral decomposition
gives a defined relative percentage of sp® substitutional
configuration, pyridinic configuration, and gaseous compo-
nents mainly related to volatile compounds containing
C—H—N.? The spectra used for deconvolution are in good
agreement with previous results reported for N-doped
CNTs,” 102425 even though, at the present research stage,
there is still somehow divergence in accurately assigning the
peaks corresponding to the different bonding environments.
This is mostly related to the one-dimensional nature of carbon
nanotubes in comparison with other nitrogen-containing
carbon systems. In the top panel in Figure 7, the spectra used
for deconvolution are centered in 398.6, 400, 400.88, 402,
and 404 eV, whereas the spectra below, used for the second
set deconvolution, correspond to the same values plus an
extra peak at 405.1 eV that has been assigned to molecular
N, intercalated within the walls of the nanotubes.’ The peaks
centered at 398.6 and 400.88 eV correspond to the pyridine
and substitutional N incorporation, whereas the 402 and 404
eV signals are attributed to oxidic species or N physisorbed
on graphite.® The 400 eV response has been reported for
compounds containing C, H, and N; however, we cannot
rule out the fact that it could also correspond to response of
the substitutional configuration because of structural effects.

With this interpretation, for the samples synthesized after
reduction at 300 °C, it has been observed that the maximum
N content present in the samples is ~6%, exhibiting a higher
component of sp® configuration with a ratio of about 1:2 to
the pyridinic structure. The gaseous N components are below
10%. Interestingly, the component of the substitutional sp?
structures is strongly dependent on the synthesis temperature.
For the samples synthesized from multilayers reduced at 500
°C, the story changes. The observed N content is ~2%. In
this case, the ratio between the sp?, pyridinic, and incorpo-
rated N-gaseous species is roughly 1:1:1 and only slightly
temperature-dependent (bottom panel in Figure 7). This fact
highlights that the sp” configuration competes with the
formation of pyridinic species and the incorporation of N
gaseous species. The actual maximal substitutional doping
of the nanotubes in the optimal conditions for the two
different sets of samples represents about ~1/2 and ~1/3 of
the total N content. respectively.
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Figure 7. XPS spectra corresponding to the N1s core level from multilayers
reduced at 300 (upper panel) and 500 °C (lower panel), respectively. The
collected data are represented in dots, whereas the thin solid line depicts
the results of the fitted spectra. The deconvolution of the N1 response has
been made with six peaks generated from the different N bonding
environments, which in both cases include the pyridinic (398.6 eV) and
substitutional configuration (400.6—400.88 eV).

The maximum N content remains constant through the
synthesis; however, the N incorporation profile varies
within a temperature window determined by the catalyst
activity tunable through its pretreatment. This is in good
agreement with previous studies on SW and DW N-doped
nanotubes.'%%°
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4. Conclusions

Vertically aligned thin N-doped nanotubes with a tuneable
and defined doping level have been synthesized employing
CVD with multilayered catalysts and a pure acetonitrile C/N
feedstock. It has been observed that the catalytic substrate
reduction plays a critical role in the yield and the structure
of the nanotubes. The synthesis temperature and the tem-
perature of the catalyst reduction by H, are crucial. In the
ideal synthesis temperature window, the predominant mor-
phology consists of SW, DW, and few-walled NTs with
compartments between 20 and 40 nm along the tube axis.
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Depending on the process parameters, we are able to tune
the nitrogen content and the formation ratio of small N-doped
nanotubes to bamboo nanotubes.
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