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Chemical vapor deposition (CVD) is a preferential method to fabricate carbon nanotubes (CNTs). Several changes have been
proposed to obtain improved CNTs. In this work we have fabricated nitrogen-doped multiwall carbon nanotubes (N-MWCNTs)
by means of a CVD which has been slightly modified. Such modification consists in changing the content of the by-product
trap. Instead of acetone, we have half-filled the trap with an aqueous solution of NaCl (0–26.82wt.%). Scanning electron
microscope (SEM) characterization showed morphological changes depending upon concentration of NaCl included in the trap.
Using high resolution transmission electron microscopy several shape changes on the catalyst nanoparticles were also observed.
According to Raman spectroscopy results N-MWCNTs fabricated using pure distillate water exhibit better crystallinity. Resistivity
measurements performed on different samples by physical properties measurement Evercool system (PPMS) showed metallic
to semiconducting temperature dependent transitions when high content of NaCl is used. Results of magnetic properties show
a ferromagnetic response to static magnetic fields and the coercive fields were very similar for all the studied cases. However,
saturation magnetization is decreased if aqueous solution of NaCl is used in the trap.

1. Introduction

After the discovery, structural identification, and bulk
production of carbon nanotubes (CNTs) the interest of
researchers about these nanostructures increased exponen-
tially, and the big quest for novel applications started [1–
4]. Enormous and exhaustive work, carried out by several
important groups, have exhibited their unique thermal, mag-
netic, mechanical, chemical, and electronic properties [5–7],
thus leading to the design of new devices for biosensing,

nanoprobing, spintronics, field emission, and other impor-
tant applications [8–11].

One of the most important challenges in nanotube sci-
ence nowadays is the control of the morphology because this
is the route to control the physicochemical properties [10–12].
Depending on the desired applications, modifications in the
chemical vapor deposition (CVD) method offer an optional
approach to induce some important properties to carbon
nanostructures, such as the introduction of water vapor
together with the inert gas flow to grow very large carbon
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nanotubes [13, 14], or the modulation of the shape, size, and
crystallinity of catalytic metallic nanoparticles determining
the chiral-selective growth of CNTs [15]. In the case of
the introduction of contaminants, some authors used alkali
chlorides in order to deform the straight carbon nanofibers
into helical structure or belts [16, 17]; Lv and coworkers
employed Cl as a cleaner of nanoparticles when introduced
into the CVD, which evaporates during the process [18,
19]. In other cases it is desirable to have defects in carbon
nanotubes such as nonhexagonal rings, dangling bonds,
doping, non-sp2, and folding because they are the origin of
producing many forms and new carbon architectures [12–
21] by adjusting some parameters in the chemical vapor
deposition (CVD) method. For example, the introduction
of sulfur in the atomizer solution allowed the synthesis of
random 3D structures [22]. A two-step CVD was used for
the production of three-dimensional networks [23] and long
tipped CNTs [24]. Pressure and temperature fluctuations can
produce branched junctions [25, 26]. Currently, the versatility
of CVD has been exploited widely, allowing modifications
in their involved parameters in order to produce highly
defective N-MWCNTs. Notwithstanding, research about this
method continues increasing because the mechanism of
growth of CNT remains unclear.

In the present work, following previous research [27,
28] we are proposing a simple modification of the CVD
synthesis to alter the morphology and properties of N-
MWCNTs, also known as CN

𝑥
; the modification consists

in changing the solution of the by-product trap in the
synthesis. We used deionized water and aqueous solutions of
NaCl at different weight concentrations, low (1 wt.%), half-
saturated (15.84wt.%), and saturated (26.92wt.%); instead
of acetone which has been normally employed, we used
water and aqueous solutions of NaCl at different weight
concentrations. We also proposed the growth mechanism of
these nanostructures.

2. Materials and Methods

Forests of nitrogen-doped carbon nanotubes (N-MWCNTs)
were produced by a slightly modified CVD method using
the one-furnace configuration with a by-product trap at the
outlet of the quartz tube. The pyrolyzed solution containing
94% of benzylamine (C

7
H
9
N, Sigma Aldrich), as a source

of carbon and nitrogen, and 6% ferrocene (FeCp
2
-, Sigma

Aldrich) for the catalytic nanoparticles was prepared and
placed in a reservoir plugged in to a pulse generator. The
reaction was performed during 30min and using a one-
furnace system as is shown in Figure 1. The mixture solution
of ferrocene and benzylamine was placed into the atomizer
reservoir (see Figure 1). In order to obtain enoughmaterial to
be characterized a small piece of SiO

2
/Si was placed inside

the quartz tube at the middle of the furnace. In this zone,
the temperature is stable (850∘C ± 3∘C). In a first experiment
200mL of acetone was put inside the trap. We present
some images of such CNT in Supplementary Information
(see Figure S1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2015/587416). In a second exper-
iment, we half-filled the trap with deionized water (Fermont)

instead of acetone. For the following experiments, the density
of deionized water was increased by adding NaCl at different
weight concentrations (1 wt.%, 15.84wt.%, and 26.92wt.%).
The obtained samples were called in agreement with the
density of the liquid in the trap as CN

𝑥-1 for acetone (density
0.79 g/cm2), CN

𝑥-2 for deionized water (density 1.00 g/cm2),
CN
𝑥-3, CN𝑥-4, and CN𝑥-5 for the cases of aqueous solutions of

NaCl and densities of 1.01 g/cm2, 1.21 g/cm2, and 1.56 g/cm2,
respectively. In all cases the total mixture poured in the trap
was 200mL, which is equivalent to a half-filled trap. For the
purpose of having an inert atmosphere inside of the quartz
tube (see Figure 1), a constant argon flow rate of 2.5 L/minwas
established. In all experiments, the temperature was 850∘C
inside of the furnace where the substrates were situated. The
solution mixture was atomized from the solution container
by an ultrasonic generator during 30min. In each case, the
substrate was taken out for characterization using scanning
electron microscopy (SEM-FEI XL 30 SFEG). In order to
prepare the samples for high resolution transmission electron
microscopy (HRTEM-FEI TECNAI F30) a small quantity
was scraped from the substrates and incorporated into a
vial with ethanol, ultrasonicated for 5 minutes and drop-cast
on the grids. In the case of X-ray diffraction (RX Advance)
characterization the whole substrate was used; the settings
follow: 2𝜃 from 10∘ to 90∘ and step size of 0.04 during 5
seconds. Raman characterizationwas performed using a laser
of 514 nm in a Raman Renishaw Micro-Raman equipment.
Thermogravimetric analysis was achieved using a TGA-
Thermo Cahn, model Versa Therm apparatus. The magnetic
and resistivity measurements were carried out in a physical
properties measurement system (PPMS, Quantum Design).
In order to verify the substance effect in the morphology and
physical properties of N-MWCNTs we carried out additional
experiments as following: (i) the trap was filled with 300mL
of mixture solution of benzylamine and ferrocene (2.5%
wt.%); (ii) there was not any substance in the atomizer reser-
voir; (iii) several clean substrates were placed inside of quartz
tube; (iv) the experimental setup was run normally. The
resultant sample (substrate and CNT) from this experiment
were characterized by SEM (Figure S4 of Supplementary
Information) and analyzed in an optical emission spec-
trophotometer (OES) in order to measure ppm of Na or Cl.

3. Results

Figure 2 exhibits SEM images of N-MWCNTs obtained
from the different synthesis conditions described above.
Figure 2(a) is SEM images of N-MWCNTs fabricated using
acetone in the trap (CN

𝑥-1 sample); such CNTs are vertically
aligned and in general they present bamboomorphology [29,
30] with diameters around 50 nm; sometimes it is possible
to observe CNTs with smaller diameters enrolled to the
thicker CNTs. In the case when the trap is half-filled with
distilled water (CN

𝑥-2 sample), the fabricated CNTs have
larger diameters and presentmorphologies which are showed
in Figure 2(b); some collapsed structures can be present (see
inset). If an aqueous solution of NaCl is used in the trap an
additional phenomena could be observed (CN

𝑥-3 sample). In
this case, sharpmorphologies of N-MWCNTswere observed.
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Figure 1: Typical CVD setup for carbon nanotubes synthesis using one furnace. Each component used for producing our samples is indicated
in the figure. The size of the trap is only representative. The level used in the trap is an important parameter for all our experiments because
they are determining the structure and physical properties of resultant N-MWCNTs nanotubes. The substrate is 10 cm long and was placed
inside the quartz tube at the middle of the furnace (20 cm).

It seems that such morphologies are formed because the
end compartments of the bamboo structure are damaged.
Apparently, small nanoparticles play an important role to
form sharp CNTs. Another well detectable defect mostly
observed in the CN

𝑥-4 samples is nanoparticles attached to
the external walls of N-MWCNTs known as “nanolumps”
[31, 32]. Such nanoparticles may abundantly appear forming
“lumpy” nanostructures as is shown in Figure 2(d); Li and
coworkers obtained lumpy CNT as a result of air-assisted
synthesis [33]. It is probable that these lumps could catalyze
thin N-MWCNTs forming the branch morphology [34].
More complex defects were detected in the sample CN

𝑥-5.
Coalescence ofN-MWCNTs and ruptures of thick CNTswith
arms or branches were observed (Figure 2(e)). As can be
seen at this figure very thin N-MWCNTs with few layers are
emerging from such coalesced nanotubes. In Figure 2(f) the
catalytic nanoparticles responsible for the growth of CN

𝑥-5
are shown. Notice the sharp nail structure as claws. This
situation can be one of the main effects of putting saturated
NaCl aqueous solution inside the trap.

Figure 3 displays representative TEM images of the
different fabricated N-MWCNTs. Figure 3(a) contains a
micrograph of the case CN

𝑥-2 (water), showing N-MWCNTs
with diameters as small as 2 nm and as big as 60 nm. Most
ofN-MWCNTs exhibited bamboo-typemorphology, some of
them with conical and other with cylindrical compartments.
It is difficult to say how nitrogen is incorporated into the N-
MWCNTs without X-ray photoelectron spectroscopy (XPS)
analysis of the samples. However, there are some studies
showing that the shape of compartments can be associated

with the type of nitrogen inclusion in the graphitic structure
of CNT [35]. Both shapes of compartments are also observed
in N-MWCNTs fabricated when acetone is used in the trap
(see Figure S1, Supplementary Information). Figure 3(b)
also exhibits representative TEM images of N-MWCNTs
corresponding to the CN

𝑥-2 (water). Here, it is possible to
observe a thin CNT with two collapsed sites and a CNT with
lumps of different sizes (Figure 3(b)). In the case of aqueous
solution with NaCl 1 wt.% (distilled water slightly altered
with NaCl) another morphology of N-MWCNTs is observed,
namely, brokenCNTswith a sharp endwhere an encapsulated
conical-shape nanoparticle is observed (Figure 3(c)); for
the case CN

𝑥-4 using aqueous solution of NaCl 15.84wt.%
(water with NaCl at half-saturation) the sample shows a lump
attached to CNT (Figure 3(d)). The sample CN

𝑥-5, when the
trap was filled with aqueous solution of NaCl at 26.92wt.%
(saturated water of NaCl), exhibited complex morphologies
as displayed in Figures 3(e) and 3(f). Apparently coaxial CNTs
with large diameters and ruptures are formed in this case
(Figure 3(e)). These CNTs can be coalesced with others to
form the structure presented in the right part of Figure 3(e).
In addition, it is probable to find multiterminal junctions
containing different shapes and sized metallic nanoparticles
(Figure 3(f)).

The diameter distribution corresponding to the different
obtained N-MWCNTs samples is presented in Figure S5.
The diameter distribution has a Gaussian-type shape in the
case of CN

𝑥-1, which is the sample produced using a trap
with acetone. In the case of CN

𝑥-2 and CN
𝑥-3 the respective

diameter distribution curves exhibit bimodal behaviors. In
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Figure 2: SEM images of the alignedN-MWCNTs grewover Si/SiO
2
substrates displaying the differentmorphologies observed in our samples:

(a) typical morphology of N-MWCNTs produced with acetone in the trap (CN
𝑥-1); (b) N-MWCNTs fabricated using deionized water in the

trap (CN
𝑥-2); (c) image showing tip morphology of N-MWCNTs formed when an aqueous solution of NaCl is used (1.0 wt.% case; CN

𝑥-3);
(d) image of N-MWCNTs in the case of CN

𝑥-4 case: here lumps are the main defects detected; (e) image of CN
𝑥-5 case (aqueous solution of

NaCl 26.92wt.%): complex structures are observed with very thin CNTs; (f) root part of CN
𝑥-5: N-MWCNTs also fabricated with aqueous

solution of NaCl 26.92wt.%, showing dramatic changes in the catalytic nanoparticles. More related SEM figures can be seen in SI (Figure S4).

the cases of CN
𝑥-4 and CN

𝑥-5 the diameter distributions are
also bimodal however with lower pronounced differences.
The average diameters for the different cases were 62 ± 2 nm,
47 ± 3 nm, 61 ± 2 nm, 36 ± 2 nm, and 37 ± 2 nm for CN

𝑥-1,
CN
𝑥-2, CN𝑥-3, CN𝑥-4, and CN

𝑥-5, respectively.
It is probable that the different CNTmorphologies found

in our samples could be attributed to the catalytic metallic
nanoparticles. The final shape of these nanoparticles could
give us information about the process involved in the growth
of different N-MWCNTs observed. Figure 4 depicts TEM
images of some encapsulated metallic nanoparticles found
in distinct N-MWCNTs samples. Long nanowires with more
than 500 nm length (Figure 4(a)) were observed in the
samples CN

𝑥-2 and CN
𝑥-3 (low content of NaCl in the trap).

Encapsulated nanoparticles with irregular morphologies dis-
tort the CNT structure (Figure 4(b)) or can form junctions
(Figure 4(c)). These types of nanoparticles were observed
in CN

𝑥-4 which were produced with a moderate quantity of
aqueous solution NaCl in the trap. Very small encapsulated
nanoparticles along the CNTs (internal multiparticles) were
detected in N-MWCNTs fabricated with a saturated aqueous
solution NaCl in the trap (Figure 4(d)). Also lumps encapsu-
lating nanoparticles with oval morphology or nanoparticles
incrusted in the wall could be found in this saturated case
(Figures 4(e) and 4(f)). It seems that the inclusion of NaCl in

the trap with water produces effects among the nanoparticles.
However, it is not possible to be sure about that, unless more
sophisticate experiments are performed to elucidate the real
growth mechanism.

Figure 5 shows the X-ray diffractograms for all the
samples obtained from the diverse situations. CN

𝑥-1 presents
the two typical predominant phases characteristic of N-
MWCNTs fabricated with acetone in the trap, namely, C and
Fe
3
C; possibly 𝛼-Fe phase is also present. Probably the most

intense peak of (110) of 𝛼-Fe around 45∘ is spliced with the
plane (103) of Fe

3
C. The inclusion of distilled water inside of

the trap (CN
𝑥-2) changes the diffraction patterns and some

peaks of Fe
3
C were relatively increased such as (112), (021),

(200), and (120) planes for 2𝜃: 37.73∘, 38.03∘, 40.09∘, and
41.28∘, respectively; the peaks for the planes (140) and (313)
at 78.27∘ and 78.78∘ present a relative higher intensity as
well. Note that the Fe

3
O
4
is clearly present in this case. For

CN
𝑥-3, which is the case when the aqueous solution contains

1.0 wt.%, the appearance of iron oxides (maghemite 𝛾-Fe
2
O
3

andmagnetite Fe
3
O
4
) in the samples is clearly seen in Figure 5

(green plot). However, if the percentage of NaCl is increased
in the aqueous solution used in the trap, the intensities of
peaks corresponding to iron oxides phase are reduced or in
some cases they disappear. This situation could be due to the
Na+ and Cl− ions saturated in the water molecules, limiting
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Figure 3: TEM images displaying the representative morphologies of fabricated N-MWCNTs over Si/SiO
2
substrates using different aqueous

solutions of NaCl in the trap, namely, (a) and (b) CN
𝑥-2; (c) CN𝑥-3; (d) CN𝑥-4; and (e) and (f) CN

𝑥-5.

the oxygen reflux entrance to the system. This could be the
reason why the X-ray diffractogram of CN

𝑥-1 is very similar
to the respective CN

𝑥-5.
In order to analyze the thermal stability and reactivity

of our N-MWCNTs we have carried out thermogravimetric
analysis (TGA) under oxygen atmosphere. The samples were
analyzed using a rate heating of 10 C/min. Figure 6 shows
the degradation curve for each sample, plotted as loss mass
(%) versus temperature. Al curves are similar with some
differences related to the samples, such as the degradation
temperature, obtained from the maximum value of the first
loss mass derivative (see inferior inset at the left), calculated
from the degradation plots. The maximum values of first loss
mass derivative are plotted for each sample at the top inset at
the right. As can be seen, the plot has in general a decreasing
behavior as the weight percent of NaCl was increased, show-
ing a maximum value of 458∘C for CN

𝑥-2 (only water in the
trap), revealing that this sample is the least reactive compared
to the other cases. It seems that water in the trap produces
CNTs more resistant to oxidation with fewer defects or nitro-
gen atoms in the walls. Possibly this result could be correlated
with the fact that the compartments of CN

𝑥-2 are longer than
the other cases (see Figure 4(b)).The decrease of degradation

temperature in the samples CN
𝑥-3, CN𝑥-4, and CN

𝑥-5 could
be attributed to the introduction of additional defects to
the graphitic surface of CNTs. The mass loss at lower
temperatures could be imputed by the quantity of amorphous
carbon in the sample. We observed that CN

𝑥-2 contains the
higher percentage of amorphous carbon (∼1.24%), higher
thanCN

𝑥-1 (∼1.04%) andCN
𝑥-3, CN𝑥-4, andCN𝑥-4 (0.62%, no

observable%, 0.85%, resp.).The residual mass observed at the
final degradation temperature corresponds to the iron oxide;
the content was also different for each sample. CN

𝑥-1 exhibits
the lowest residual mass (7.41%), while for CN

𝑥-2 and CN
𝑥-3

the percentage is very similar (7.94% and 8.08%, resp.) and for
CN
𝑥-4 and CN

𝑥-5 the percentage of residual was increasing
(8.44% and 8.72%, resp.). The reason for this increase can be
associated with the agglomeration of metallic nanoparticles
particles in the later cases, as was observed with the presence
of nanolumps which are bigger for these cases.

For the purpose of studying the microstructure and crys-
talline order of our carbon nanotubes we performed Raman
spectroscopy measurements. We used excitation energy of
514 nm over the samples of N-MWCNTs synthesized with
the different liquids in the residual bubbler. The Raman
spectra are presented in Figure 7(a), plotted between 100 and
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(a) CN𝑥-3

100nm

(b) CN𝑥-4
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(c) CN𝑥-4
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Figure 4: (a) Sharp N-MWCNTs encapsulating a nanowire longer than 500 nm followed by a cylinder nanoparticle at the tip of the CNT; (b)
N-MWCNTs with irregular-shaped metallic nanoparticles; (c) oval-shaped nanoparticle followed by two N-MWCNTs forming a junction;
(d) two N-MWCNTs with sharp morphology: one of them has multiple encapsulated metallic nanoparticles; (e) oval lump that shows the
graphitic carbon shells formed in the compartments; (f) “oval” nanoparticle encapsulated laterally in the walls of the bamboo structure of
N-MWCNTs.

3500 cm−1. The typical characteristic bands of carbonaceous
materials are indicated in the plot, the D band situated
at 1352 cm−1 (defect mode), G band situated at 1580 cm−1
(graphite mode), and G󸀠 located near 2500–2800 cm−1 (sec-
ond order mode). The peaks appeared in the range 200–
500 nm in two of the spectra (CN

𝑥-2 and CN𝑥-3, marked with
asterisks) which very probably correspond to the presence of
iron oxides compounds [36–38], as X-ray diffraction analysis
results have shown in such samples.TheD band, G band, and
G󸀠 shifts are within the intervals of 1353 cm−1 to 1359 cm−1,
1587 cm−1 to 1590 cm−1, and 1795 cm−1 to 1712 cm−1, respec-
tively. We can observe a small shifting towards lower fre-
quencies for the samples synthesized using deionizedwater or
aqueous solution with NaCl with respect to the as-produced
with acetone in the residual bubbler, but specifically the
G shifting to lower frequencies indicates a reduction of N
doping for CN

𝑥-2 (produced with water). This situation is
concomitant with the observation in TGA, where a less reac-
tive sample was observed. We studied the sample from the
rates in intensities 𝐼D/𝐼G and 𝐼G󸀠/𝐼G; such values are plotted

in Figures 7(b) and 7(c) as a function of the sample. In each
sample, the D band intensity is lower than G band intensity.
At the same time G󸀠 band intensity increases as the weight
concentration ofNaCl increases.The samplewith high degree
of disorder orwith nongraphitic carbon is theCN

𝑥-2 (matches
with TGA analysis), followed by CN

𝑥-3 whose values are 0.83
and 0.75, respectively. The most crystalline sample resulted
in the CN

𝑥-4 with a rate 𝐼D/𝐼G value of 0.38. The rate 𝐼G󸀠/𝐼G
increases with the increment of density in the liquid, probably
indicating that we have quite crystalline samples when sub-
stances other than acetone are used in the trap. The G󸀠 band
is a particular mark of carbonaceous materials; it is higher in
pure materials, such as nondoped CNT and graphene.

Figures 8(a)–8(f) exhibit the hysteresis loops measured
in the interval ±1 T for 2 K, 100K, and 300K for the N-
MWCNTs samples synthesized with different substances in
the trap. For each plot, we have included the correspond-
ing SEM images of N-MWCNTs forest grown on Si/SiO

2

(Figures 8(f)–8(j)). In addition, we have drawn the encapsu-
lated nanoparticles observed by TEM to each case. In each
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𝑥-2 (water), CN𝑥-3 (low 1wt.% of NaCl), CN
𝑥-4 (half-

saturation, 15.84wt.% of NaCl), and CN
𝑥-5 (saturation, 26.92wt.%

of NaCl).

group of nanoparticles, their intervals of dimensions (𝐷-
diameter and 𝐿-length) and aspect ratio (AR) obtained from
each sample are listed. In general themagneticmeasurements
confirm the ferromagnetic nature of the samples. CN

𝑥-1
exhibits a hysteresis loop shown in Figure 8(a); the forest is
aligned perpendicularly to the substrate, clean and free of
amorphous carbon material on its surface. The nanoparticles
of this sample have a conical morphology that is usually
located at the tip of the N-MWCNTs. As an example, see
the SEM image in the blue square for acetone, where you
can see the top of the forest of N-MWCNTs. The contrast
of the image allows appreciating the conical nanoparticles
with maximum aspect ratio of 5.Their diameters and lengths
are within the ranges 20–60 nm and 90–276 nm, respectively.
The inset drawing represents the morphology which can take
the nanoparticle when encapsulated by N-MWCNTs. The
inserted HRTEM image shows the morphology with conical
shape in N-MWCNTs [39]. Hysteresis loops of samples
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Figure 6: Thermogravimetric profile of N-MWCNTs synthesized
using different substances in the trap (acetone, deionized water, and
three concentrations by weight of NaCl). The insets correspond to
the first derivative of thermogravimetric profile (left) and degrada-
tion temperature.

synthesized with the other substances are similar to acetone
(see Figures 8(b)–8(e)), but properties are quite different.
The respective forests show that CNTs are also aligned
with some defects and amorphous material on the surface
(Figures 8(g)–8(j)). The morphologies of the nanoparticles is
totally different from each other (see drawings in each case);
we can say that nanoparticles shape is dependent on the type
of substance used in the trap. For the cases of CN

𝑥-2 (H2O)
and CN

𝑥-3 (1 wt.% NaCl) nanoparticles have very similar
morphologies, including nanowires with aspect ratios greater
than 5. The diameters and lengths of the nanoparticles for
CN
𝑥-2 are in the ranges 3–78 nm and 23–479 nm, respectively,

while for CN
𝑥-3 the diameters and lengths are within the

ranges of 8–60 nm and 11–348 nm, respectively. The aspect
ratios are 16 and 25 for CN

𝑥-2 and CN
𝑥-3, respectively,

and the nanoparticles lengths in CN
𝑥-3 can be more than

1 micron. When increasing the NaCl weight concentration
the dimensions of nanoparticles take smaller dimensions.
This fact is confirmed by the data reported in each case.
CN
𝑥-4 (half-saturation of NaCl) shows faceted nanoparticle

morphologies, with diameter and length within the ranges of
8–60 nm and 11–348 nm, respectively, and aspect ratio of 10.
CN
𝑥-5 (saturated aqueous solution ofNaCl) has nanoparticles

with diameters within the range of 5–22 nm and length of 7–
118 nm, with lower aspect ratio of 10.

The analysis of hysteresis curves (saturation, coercive
field, and remanence versus temperature) is presented in Fig-
ure 9.The saturation as a function of temperature is exhibited
in Figure 9(a) where we can see that it is easier to saturate
the ferromagnetic material contained in CN

𝑥-2 (water) and
CN
𝑥-3, CN𝑥-4, and CN

𝑥-5 (with aqueous solutions of NaCl)
thanCN

𝑥-1 (acetone). Figure 9(b) presents the plot of coercive
field as a function of temperature for the five samples.
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Figure 7: (a) Raman spectra of N-MWCNTs synthesized using different substances in the residual bubbler: acetone (C
3
H
6
O), water (H

2
O),

and aqueous solution of NaCl at three weight concentrations (1%, 15.48%, and 26.92%). The RBM: D, G, and G󸀠 modes are listed in each
spectrum. The asterisks indicate that some peaks related to the signals come from Si/SiO

2
substrates. Rates (b) 𝐼D/𝐼G and (c) 𝐼G󸀠/𝐼G plotted

as a function of the sample.

The coercive field decreases when increasing temperature
in all samples, but the values decrease for CN

𝑥-2, CN𝑥-4,
and CN

𝑥-5. The sample CN
𝑥-3 is very similar to CN

𝑥-1. The
remanence, shown in Figure 9(c), has a decreasing trend as a
function of temperature for each sample. However, the rema-
nence decreases for the cases of nanoparticles synthesized
N-MWCNTs contained in different substances into the trap,
with lower values for CN

𝑥-5.

According to Figure 9 the most notable changes observed
in the magnetic properties are related to the magnetization
saturation. Since the iron carbide and 𝛼-Fe phases are present
in all cases, these changes could be associated with the
presence of iron oxides phases (see X-ray diffractograms
of Figure 5) or due to the morphological changes of mag-
netic nanoparticles inside or attached to CNT [40, 41].
For example, CN

𝑥-1, which is the control sample, presents
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mostly the typical Fe
3
Cwith a high saturationmagnetization.

Although some other important peaks were not observed,
it is very probable that 𝛼-Fe phase is also present (the peak
with the maximum intensity is located around 45 degrees).
The shape of magnetic nanoparticles in this case is conical
with an aspect ratio around 3. Even though the majority

of the magnetic phase is also Fe
3
C in CN

𝑥-2 samples, the
saturation magnetization is reduced when water is used in
the trap (see Figure 8(b)). One of the probable explanations to
this behavior is themorphology changes in the nanoparticles.
A statistical analysis was performed to 60 TEM images of
CN
𝑥-2 case, which showed that 34% of the nanoparticles
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Figure 9: (a) Saturation, (b) coercivity, and (c) remanence values as a function of temperature for encapsulatedmetallic nanoparticles in CN
𝑥

synthesized in acetone (CN
𝑥-1), water (CN𝑥-2), and various concentrations by weight NaCl in water (CN

𝑥-3, CN𝑥-4, and CN
𝑥-5).

have a spherical shape (first drawing) and the other 66%
presented other kinds of morphologies (see right drawings of
Figure 8(g)). The reduction of the saturation magnetization
in this case is around 33.3%, which is approximately the
percentage of nanoparticles which are spherical in type.
However, there is another source that could contribute to the
reduction of saturationmagnetization, namely, themagnetite
phase present in this sample. The peak at around 35 degrees
shows the existence of that phase in sample CN

𝑥-2 (see CN𝑥-2
diffractogram in Figure 5). Note that it was not possible to
observe the peak having the second strongest value, which is
around 62 degrees. Magnetite in bulk phase has a saturation
magnetization of around 85–100 emu/g, which is around
50% lower than the respective saturation magnetizations

of Fe
3
C (169 emu/g for bulk) phase [42–45]. Therefore, a

combination of such effects could be the cause of the observed
changes. In the case of CN

𝑥-3 the statistical analysis yielded
the fact that only 6.8% of the magnetic nanoparticles have a
spherical shape. Therefore, the effect of morphology changes
of magnetic nanoparticles may not be important. However,
now the 𝛾-Fe

2
O
3
phase is present in this sample and could be

one of the cause of the reduction of saturationmagnetization.
If the CN

𝑥-2 and CN
𝑥-3 X-ray diffractograms of Figure 5 are

compared, it is possible to observe that in the CN
𝑥-3 case

two additional diffraction peaks are present. These peaks are
around 34 and 54 degrees and might be associated with (311)
and (422) planes of the maghemite (𝛾-Fe

2
O
3
) phase, which

has around 90 emu/g of saturation magnetization in the case
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of bulk phase. The presence of 𝛾-Fe
2
O
3
and Fe

3
O
4
phases

could be causing the saturation magnetization to reduce by
more than 50% (see Figure 9(a)). An interesting situation
is observed in the X-ray diffractogram of case CN

𝑥-4. The
diffraction peaks corresponding to (311) and (422) planes
of the maghemite phase are not present anymore and the
structure corresponding to the Fe

3
C phase is drastically

modified (see Figure 5 CN
𝑥-4 case). Also, the diffraction peak

at 35 degrees related to the Fe
3
O
4
magnetite phase is notably

reduced. In addition, three new diffraction peaks are present,
namely, at around 29, 56, and 77 degrees. The first two peaks
correspond to (220) and (551) planes ofmagnetite and the last
peak corresponds to (140) plane of cementite. Note how the
intensity of the peak at around 43 degrees is greatly increased
in comparison with the other Fe

3
C diffraction peaks. This

peak can also be associated with the (400) plane ofmagnetite.
Apparently, the magnetic behavior in this case is due to dif-
ferent causes than the previous situations. It is probable that
themagneticmagnetite, cementite, and 𝛼-Fe phases are those
that determine the behavior of the saturation magnetization.
Note also that the phase of maghemite was not well observed.
Figure S8 (Supplementary Information) shows that, in elon-
gated nanoparticles, mostly 𝛼-Fe and cementite phases are
contained. In this case, in order to explain the increase of
saturation of magnetization, additional information that we
need to consider is the morphological changes experienced
by magnetic nanoparticles. The drawings on the left side
of Figure 8(i) show complex structures of the encapsulated
nanoparticles in CN

𝑥-4. According to a statistical analysis,
it was found that only 8.6% of them have spherical shape
and the rest present an elongated structure. It is noteworthy
that some nanoparticles have square-type morphology (see
Figure S7 in Supplementary Information). Finally, the X-ray
diffractogram of CN

𝑥-5 does not show any Fe-oxides phases.
Only defined diffraction peaks of Fe

3
C and 𝛼-Fe planes were

observed. It seems that, in this case, the morphology changes
are the only ones responsible for the observed decrease of
saturation magnetization (more than 50%). Figure S9 shows
several HRTEM images of such nanoparticles.These particles
take different shapes such as spherical (13%), cylindrical
(28%), deformed (23%), seed (28%), oval (5%), and arrow
(3%) [27]. It is well known that if the morphologies of the
ferromagnetic nanoparticles are different, it is very probable
that the process of magnetization will be strongly dependent
upon their shape and size and also on the applied magnetic
field direction [39, 41]. The irregular shapes of ferromagnetic
nanoparticles in this CN

𝑥-5 case could have reduced the
saturation magnetization due to surface or finite size effects
[46, 47]. Note that the coercivity values follow the trend in
aspect ratio where CN

𝑥-3 with an aspect ratio of 25 had the
highest values and the samples with the lowest aspect ratio
of 10 (CN

𝑥-4 and CN
𝑥-5) exhibited the lowest coercivity (see

drawings of Figure 8).
The resistance of the N-MWCNTs was measured by the

four-probe method as a function of the temperature in the
range 2–395K (Figure 10).The resistance of CN

𝑥-2 is an order
ofmagnitude higher thanCN

𝑥-1 andCN𝑥-3 (Figure 10(a)), but
the three resistance curves have similar behavior. However
the resistance of CN

𝑥-4 and CN𝑥-5 (Figure 10(b)) is two orders

of magnitude lower than CN
𝑥-1 with a different curve behav-

ior. All samples showed two kinds of behaviors of electronic
transport. The samples CN

𝑥-1, CN𝑥-2, and CN
𝑥-3 showed

semiconducting electronic transport with very large values
of resistivity at low temperatures (2 K). The samples CN

𝑥-4
and CN

𝑥-5: (i) at very low temperatures (below 20K) the
slope of the resistance increases when temperature decreases;
(ii) between 20K and 300K, the resistance increases with
the increment of temperature showing metallic behavior. It
is not possible to associate these two last behaviors with the
N-MWCNTs themselves. However, it is very probable that
someNa contamination of the substrates during the synthesis
occurred. Results from OES characterization of samples
(substrates and N-MWCNTs) obtained by the additional
experiments, whichwere performed to verify the effect of trap
substance over morphology and physical properties, showed
that when the trap is filled with aqueous solution of NaCl
(15.84wt.% case) a gram of N-MWCNTs contains 0.204mg
of Na and in each gram of Si substrate there is 0.00835mg of
Na.This could explain the metallic transport at temperatures
above 20K. Similar kind of effect has been observed by p-
doping with the intercalation of I, K, and Br within SWNT
bundles, with a metallic-like behavior at high temperatures
(>50K) and semiconducting behavior at lower temperatures
(<50K) [48, 49]. However the mechanism is not yet well
understood and we encourage more research regarding this
effect.

In the CVD experiment we are proposing the use of
different liquids other than acetone. We have used water and
aqueous solutions ofNaCl at threeweight concentrations (1%;
15.48%, half-saturation; and 26.92%, saturation). In all cases
we consider that a reflux evaporation of water molecules and
some atoms of Na or Cl are entering to the hot zone of the
furnace and participating in the catalysis of N-MWCNTs.
The feedstock that contains the C, Fe, and N is carried by
the argon gas. However, it seems that the reflux evaporation
is also present in the process of synthesis. For example, in
the case of water the oxygen directly affects the catalytic
particles, keeping the catalyst alive [13, 14]. This effect could
be responsible for the different nanoparticle shapes that
catalyze N-MWCNTs in different morphologies, sizes, and
diameters. In the case of H, this can be associated with
C forming hydrocarbons which probably could be cleaned
by the gas. In the case of the presence of NaCl the steps
are similar, but the water evaporation is different because
NaCl was solubilized in water, where the water molecules
are attracted by the Na+ and Cl− ions. The water is attracted
by the crystal structure in the individual ions encircling and
dissolving slowly the NaCl. The water molecules alignment
depends on the ion kind (Na+ or Cl−). The negative part
of water molecule (O) surrounds the Na+ ion, while the
positive side (H) surrounds the Cl− ion. Taking into account
this limitation to water, we may consider the fact that less
water vapor is refluxing to the hot zone as well as some Na+
or Cl− are entering by the water evaporation. In the case
of saturated NaCl there are not available water molecules
due to the fact all of them are associated with ions. First,
water molecules and ions surrounded by water molecules are
contaminating the feedstock deposited in the substrate. CNT
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Figure 10: Resistance behavior of CN
𝑥
synthesized with different substances in the residual bubbler of CVD setup. (a) Black line corresponds

to CN
𝑥-1 (acetone), red line to CN

𝑥-2 (water), and blue line to CN
𝑥-3 (aqueous solution of 1 wt.% of NaCl) and (b) red line corresponds to

CN
𝑥-4 (aqueous solution of 15.48wt.% of NaCl) and orange line to CN

𝑥-5 (aqueous solution of 26.92wt.% of NaCl). Resistances of CN
𝑥-1,

CN
𝑥-2, and CN

𝑥-3 have typical semiconducting behavior. At the same time, the samples prepared with aqueous solution NaCl in the residual
bubbler show metallic response above 20K and semiconducting behavior at very low temperature.

has started growing but encapsulating small nanoparticles,
at different sites in the hollow structure. The effects of the
water molecules have an effect similar to the previous case,
but in this case the Na or Cl ions are also participating in
the catalysis, probably reducing the sizes of nanoparticles. In
order to alternatively test how the Na or Cl could be affecting
the growing of carbon nanotubes a specific experiment
was performed. Instead of introducing aqueous solution of
NaCl (case 15.84wt.%) inside the trap, a more complicated
CVD setup was used to fabricate the carbon nanotubes (see
Figure S5 in Supplementary Information). In this case two
sprayers were used, one with the typical solution containing
benzylamine and ferrocene and the other with an aqueous
solution ofNaCl. Both systemswere switched on at same time
with different sprayer conditions of frequency and power to
tray to obtain similar results to the original experiment with
the trap. A total of 335mg of powder was obtained from the
quartz tube. Figure S6 (Supplementary Information) shows
the fabricatedN-MWCNTs selected fromdifferent part of the
sample, which show different lengths but similar aspect at the
magnification showed (see Supplementary Information) [50].
From these images it was possible to observe the dramatic
damages due to the NaCl vapor introduced in the synthesis.
More research using this bi-sprayer system is in progress.

4. Summary

The CVD configuration was modified to synthesize con-
trolled morphologies in nitrogen-doped carbon nanotubes

by increasing the density of the liquid trap used in the
bubbler. The SEM and HRTEM images revealed the fact that
the morphology of N-MWCNTs was modified substantially
exploding the versatility of CVD. We studied the present
morphologies in the sample by observing the hollow core
morphology, which resulted in the fact that the bamboo
structure not onlywas observed, but also collapsed,MWCNT,
and different junctions. When increasing the density of the
liquid in the residual bubbler it affected not only the tube
morphology, but also themetallic nanoparticles morphology.
X-Ray diffraction showed the presence of different phases of
iron such as oxides (magnetite and maghemite) and most
of the planes were observed in N-MWCNTs synthesized
with water (CN

𝑥-2) and low concentration of NaCl + H
2
O

(CN
𝑥-3) in the bubbler. The peaks of planes of iron oxides are

not usually observed in samples of N-MWCNTs synthesized
with acetone in the bubbler. Raman and thermogravimetric
analysis exhibited the fact that water produces a noncrys-
talline sample that could be attributed to the high degree of
disorder in the sample or high level of amorphous carbon. Yet,
the presence of NaCl in water showed samples with higher
crystalline structure and more reactivity. Magnetic measure-
ments lower coercive fields, remanence, and saturation for
the increment of NaCl. Resistivity plots revealed the semi-
conducting nature of theN-MWCNTs synthesizedwithwater
and low NaCl, similar to acetone, but with different orders of
magnitude. The samples synthesized with aqueous solution
of NaCl showed metallic behavior due to the fact that the
resistanceswere increasedwith the increment of temperature.
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More sophisticated experiments can be designed to tune the
morphological and chemical and physical properties of N-
MWCNTs.
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[28] M. L. Garćıa-Betancourt, N. Perea Lopez, S. M. Vega-Dı́az
et al., “Pinetree-like morphologies of nitrogen-doped carbon
nanotubes: electron field emission enhancement,” Journal of
Materials Research, vol. 29, pp. 2441–2450, 2014.

[29] J.W. Jang, C. E. Lee, S. C. Lyu, T. J. Lee, and C. J. Lee, “Structural
study of nitrogen-doping effects in bamboo-shapedmultiwalled
carbon nanotubes,” Applied Physics Letters, vol. 84, no. 15, pp.
2877–2879, 2004.

[30] E. N. Nxumalo and N. J. Coville, “Nitrogen doped carbon nan-
otubes from organometallic compounds: a review,” Materials,
vol. 3, no. 3, pp. 2141–2171, 2010.

[31] J. Y. Lao,W.Z. Li, J. G.Wen, andZ. F. Ren, “Boron carbide nanol-
umps on carbon nanotubes,”Applied Physics Letters, vol. 80, no.
3, pp. 500–502, 2002.

[32] C.-M. Seah, S.-P. Chai, and A. R. Mohamed, “Synthesis of
aligned carbon nanotubes,” Carbon, vol. 49, no. 14, pp. 4613–
4635, 2011.

[33] X. Li, X. Zhang, L. Ci et al., “Air-assisted growth of ultra-
long carbon nanotube bundles,”Nanotechnology, vol. 19, no. 45,
Article ID 455609, 2008.

[34] V. O. Khavrus, E. M. M. Ibrahim, A. Leonhardt et al., “Con-
ditions of simultaneous growth and separation of single- and
multiwalled carbon nanotubes,” Journal of Physical Chemistry
C, vol. 114, no. 2, pp. 843–848, 2010.

[35] T. Sharifi, F. Nitze, H. R. Barzegar et al., “Nitrogen doped multi
walled carbon nanotubes produced by CVD-correlating XPS
and Raman spectroscopy for the study of nitrogen inclusion,”
Carbon, vol. 50, no. 10, pp. 3535–3541, 2012.

[36] D. Bersani, P. P. Lottici, and A. Montenero, “Micro-Raman
investigation of iron oxide films and powders produced by sol-
gel syntheses,” Journal of Raman Spectroscopy, vol. 30, no. 5, pp.
355–360, 1999.

[37] C. J. Sartoretti, B. D. Alexander, R. Solarska, I. A. Rutkowska,
J. Augustynski, and R. Cerny, “Photoelectrochemical oxidation
of water at transparent ferric oxide film electrodes,” Journal of
Physical Chemistry B, vol. 109, no. 28, pp. 13685–13692, 2005.

[38] Y.-S. Li, J. S. Church, A. L.Woodhead, and F. Moussa, “Prepara-
tion and characterization of silica coated iron oxide magnetic
nano-particles,” Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy, vol. 76, no. 5, pp. 484–489, 2010.
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