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Abstract

A high production of nitrogen-doped carbon nanotube sponges (N-CNS) was obtained at 1020 °C with
4 hours of growth in an aerosol-assisted chemical vapor deposition (AACVD) experiment modified with
two independent sprayers feeding the reactor. Sprayer-1 contained a solution made of benzylamine,
ferrocene, and thiophene; sprayer-2 contained a solution made of ethanol-acetone, ferrocene, and
thiophene. N-CNS were produced with three different acetone concentrations and collected along the
reactor. The N-CNS were characterized using scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), high resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy. The main trends that were found
when adding acetone as a precursor are: (1) an increase of the carbon fiber diameters; (2) favored the
formation of FesC nanoparticles that were encrusted into the outermost layers of the carbon fibers; (3) a
reduction of the oxidation temperature; and (4) a decrease in the oxygen content. The nitrogen
concentration in N-CNS was approximately 3 % w/w and is exhibited in mainly pyrrolic, pyridinic, and
quaternary fashions. The N-CNS showed super hydrophobic and oleophilic properties. The absorption

capacities were tested for various organic solvents.
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1. Introduction

Carbon nanotube sponge (CNS) is an interesting material with outstanding properties, such as super
hydrophobicity [1], reversible mechanic deformation [2,3], high compressibility [4-6], high absorption
capacity [7-8], efficiency for water desalinization [9], being lightweight [10], good conductivity [11],
having a large surface area and porosity [12], and high energy dissipation [13]. Due to the high surface
area of carbon sponges, they can be used as thermophones [14], super capacitors [6, 15], biosensors [16],
electrodes of batteries [17,18], and filters to collect pollutants from water [19]. Chemical vapor
deposition (CVD) is an efficient method to produce at large scale carbon nanotubes [20, 21]. The CVD
method is a process where volatile precursors are transported to the reactor via the vapor phase, these
precursors are decomposed and deposited on a substrate at relative high temperature. Pioneering
experiments on the production of the carbon sponges with excellent properties were reported by Gui et
al. [1]. They used a CVD method for fabricating their carbon sponges and employed, as precursors, a
solution containing ferrocene and 1,2-dichlorobenzene; the carbon sponges grew at 860 °C by 4 h. The
carbon sponges exhibited superhydrophobic behavior showing an absorption capacity for oils and
organics compounds reached up to ~180 times its own weight. Hashim et al. [22], synthesized boron-
doped carbon nanotube sponges at 860 °C using ferrocene, toluene, and triethylborane in an AACVD
system. Morphologies of carbon nanotube sponge exhibited entangled network structures with an
absorption capacity for organic solvents of ~120 times the sponge’s weight. Carbon nanotube sponges
doped simultaneously with nitrogen and boron were reported by Zhao et al. [23]. They used ferrocene,
toluene, triethylborane, thiophene, and pyridine as precursors in a CVD method at 860 °C. The diameters
of the carbon nanotubes were controlled by varying the concentration of the thiophene. Shan et al. [24]
synthesized nitrogen-doped carbon nanotube sponges using ferrocene, thiophene, and pyridine ina CVD
experiment at 950 °C. They demonstrated that the electrical conductivities of sponges are improved if
are formed by carbon nanotubes of small diameters (40-110 nm). Other sponges with astonishing

properties that do not only contain carbon nanotubes or fibers have also been produced [25-29]. For



example, Schiitt et al. [25] taking as primary architecture a 3D hybrid consisting of a 3D zinc oxide
template covered by carbon nanotubes. Then by acid treatment they obtained a novel and excellent
functional macroscopic highly porous 3D architectures of interconnected tubes made from self-entangled
CNTs, with great potential in polymer applications. Considering the results about a rigid MnO2-based
supercapacitor electrodes [26], Liu and collaborators [27] prepared a remarkable 3D MnO.@carbon
nanotube composite with compressible properties that presented high specific capacitance. By an elegant
methodology, Cheng et al. [28] built a superhydrophobic/superoleophilic carbon 3D structure consisting
of 4-(heptadecafluorooctyl)aniline-functionalized carbon felts. This novel macroscopic carbon structure
also showed good absorption capacity for different organic solvents. Nevertheless the astounding ease
approach to build such three-dimensional structures presenting superhydrophobic and superhydrophilic
properties, with real possibilities to be used in electrochemical applications, it is also very important to
advance in the engineering of 3D carbon nanomaterials, in particular of carbon nanotubes [29]. Lau et
al. [30] have been demonstrated that the extraordinary hydrophobic and oleophilic properties of carbon

nanotube sponges come from their carbon surface chemical attributes.

The use of alcohols as precursor in CVD method for the production of carbon nanotubes has been
reported by different groups [31-37]. For instance, ethanol [31-34], ethanol-methanol [35], ethanol-
acetone [36], and acetone [37]. All these studies have demonstrated that the alcohols promote the
formation de of long carbon nanotubes with oxygen functionalized groups. Recently, we demonstrated
that ethanol can be also used for CNS production [38,39]. However, other organic volatile compounds
have not been tested to fabricated 3D carbon structures. Between the most known solvents is the simplest
ketone, acetone. This organic compound is decomposed at very low temperatures (~460 °C). It has been
demonstrated that using mixtures of ethanol and acetone exhibit differences of critical temperature for
the catalytic activity when they are growing on copper [36]. Based on the decomposition temperature of

acetone being lower than ethanol (772-807 °C), it is expected that for a high-temperature CVD



experiment (> 800 °C), oxygen and carbon from the acetone will be released as soon as the acetone enters

to the reactor, modifying dramatically the catalysis process of carbon nanomaterials.

Here, we report the role of acetone incorporation in the synthesis of nitrogen-doped carbon nanotube
networks using a two-sprayer approach in a CVD experiment [39]. Among other things, we demonstrated
that acetone increases the production yield and carbon nanotube diameter. The carbon sponge was
classified according to where it was grown along the reactor. In the following, the methodology, results,

and discussion are presented.

2. Methodology

N-CNS were synthesized using aerosol-assisted chemical vapor deposition (AACVD) with two
independent sprayers (sprayer-1 and sprayer-2) feeding the reactor [39]. The synthesis was carried out at
1020 °C over 4 h. The precursors used were benzylamine (Sigma-Aldrich, 99.00 %), ferrocene (Sigma-
Aldrich, 98.00 %), thiophene (Sigma-Aldrich, 99.00 %), ethanol (CTR Scientific, 99.70 %) and acetone
(CTR Scientific, 99.95 %). The precursor solutions were prepared by varying the ethanol and acetone
concentrations. In all solutions, the concentrations of ferrocene and thiophene were kept constant. We
prepared four solutions labeled A, B, C, and D. Solution A contains benzylamine, solution B contains
ethanol, solutions C contains ethanol-acetone 1:1, and solution D contains ethanol-acetone 1:3. The
precursor concentrations used for preparing the different solutions are shown in table 1. Three types of
experiments were performed (S1, S2, and S3). In all experiments, sprayer-1 contains solution A. The
solution contained in sprayer-2 is varied, for experiment S1, S2, and S3, sprayer-2 contains solutions B,

C, and D, respectively.

Both sprayers were connected to quartz tube (length: 90 cm; diameter: 2.54 cm) by a Y-shape glass

connecting adapter. The quartz tube was collocated in a tubular furnace (Barnstead Thermolyne Mod.



F21135) with a length of 40 cm. A flow of 1.0 L/min of argon/hydrogen (Infra, 95/5 %) was maintained
for sprayer-1, whereas for sprayer-2 a flow of 0.8 L/min of argon (Infra, 99.999 %) was used. Ten
samples were collected from three sections by scraping the reactor (initial, middle, and final sections),
which were labeled by Mk, k=1-10, and weighed (see figure 1). For instance, M1 (reactor entrance)
corresponds to sample collected from 0-5 cm, M2 from 5-10, M3 from 10-15 cm and so on. Thus M9
(40-45 cm) and M10 (45-50 cm) correspond to samples collected outside of the tubular furnace. Samples
were characterized by SEM (FEI-Helios NanoLab DualBeam 600 Microscopy), TEM (FEI Tecnai F30).
XRD characterizations were performed with a SmartLab X-ray Diffractometer (Rigaku, Co). TGA was
carried out using an STA 6000 Perkin-Elmer. Raman spectroscopy characterizations were performed
with a Renishaw InVia Confocal Raman Microscope using a laser of wavelength 532 nm. In order to
estimate the hydrophobicity, a drop of distilled water was deposited on the surface of N-CNS and the
contact angle was measured using a Theta Lite equipment. The following procedure was used to measure
the absorption capacity: First, the N-CNS were weighed (Qo); subsequently, the N-CNS were immersed
in the organic solvent for 5 min. Then, the N-CNS were set in contact with absorbent paper to remove
the solvent from their surfaces. Finally, the N-CNS containing the solvent were weighed (Qs). The
absorption capacity is defined as Q = Q#/Qo. Results on absorption capacity are also shown for acid
treated N-CNS. Here, the sponges were collocated in a glass and immersed during 1 min in a solution of
the HNO3/H>SO4 with a molar relation of 1:3. Then the sponges were washed with distilled water until

reaching to pH equal to 7. The sponges were dried at 60 °C for 24 h in a gravity oven Lindberg/Blue-M.

3. Results and discussion

First, we show the N-CNS production yield (table 2). The production yields obtained for experiment S1
(ethanol), S2 (ethanol-acetone 1:1), and S3 (ethanol-acetone 1:3) were 3.460 g, 9.522 g, and 13.425 g,
respectively. The increase in the yield production was not absolutely associated with an increase to the

amount of N-CNS, other carbon materials emerged as shown below. The incorporation of acetone



derived in a null or negligible production carbon material in some zones depending of the ethanol-acetone
mixture (table 2). This fact can be interpreted in terms of the temperature profile along the tubular furnace
and the decomposition temperature of the acetone. Figure 2 exhibits the temperature profile and the
weight of material obtained by zones along the reactor, indicating clearly that the maximum of yield
production is acquired from the high temperature middle zone, with a displacement to the right, when
the amount of acetone increases. Since the acetone exhibits a lower decomposition temperature than

ethanol, it is expected that oxygen atoms are delivered just at the entrance of the reactor

Figure 3 depicts the SEM images of the carbon structures that were obtained along the reactor; here, one
sample per section was chosen (the one with a high yield production). For experiment S1 (figure 3a-c),
long and curly carbon fibers with diameters of ~80 nm and ~200 nm dominate in the initial and middle
sections, respectively, see figure 3(a-b). At the end of the reactor (final section), the carbon sponges are
non-longer formed; instead, the formation of onion-like carbon material which are formed by small
nanoparticles of ~2-12 nm diameter surrounded by graphite layers (figure 3c). Details on the structure of
this material will be shown ahead. SEM images for experiment S2 are shown in figure 3(d-f). Curly long
carbon fibers with ~20 nm diameters were grown at the initial section (figure 3d). At the middle section,
large diameter curly entangled carbon fibers were obtained (figure 3e) with different diameters (520-810
nm), see diameter distribution in figure S1. At the final section, carbon fibers with ~60 nm diameters and
small iron nanoparticles were grown (figure 3f). Figure 3(h-i) displays the SEM images of experiment
S3, showing that short carbon fibers were found at the initial section (figure 3g). At the middle section,
entangled carbon fibers of 200-1000 nm diameters dominate the sample (figure 3h and figure S1). At the
end of the reactor, we found carbon fibers up to ~3 wm diameter and onion-like carbon material were
also observed (figure 3i). In general, entangled curly carbon fibers were grown at the middle section of

the reactor with an increased fiber diameter for syntheses with ethanol-acetone. It is important to mention



that for the middle section, we found pieces made of entangled curly carbon fibers with lateral dimensions

up to 4 cm.

Figure 4 shows TEM images of carbon fibers that were collected from the middle section of the reactor.
A curly carbon fiber is illustrated in figure 4a. This fiber exhibits a core-shell structure, while the core is
formed by well-aligned graphite layers, the shell is formed by disordered graphite layers. A high
magnification image of the carbon fiber tip shows that the core fiber has an ~62 nm diameter and that
nanoparticles of various sizes are attached to the carbon fiber (figure 4b). Figure 4c clearly depicts the
well-aligned graphite layers of the core fiber, showing an interlayer distance of ~3.36 A. The entangled
curly carbon fibers, shown in figure 4d, exhibit a bamboo shaped morphology, probably due to the
influence of nitrogen [40,42] and sulfur [43,44]. Figure 4e depicts a ~400 nm diameter carbon fiber,
which shows the internal or core carbon fiber. Figure 4f shows a carbon fibers. The inset in figure 4f
displays a large metal nanowire inside the carbon fiber. HRTEM images, shown in figure 5a, provide
additional insight into the structure of the carbon fibers. The carbon fibers have metal nanoparticles
anchored on their surfaces and embedded into the graphite layers (figure 5a). The embedded particles
give rise to large prolonged cavities along the carbon fiber. Energy-dispersive X-ray spectroscopy (EDX)
analysis on such incrusted metal nanoparticles revealed the presence of C and Fe (figure S2a). Figure 5b
displays the tip of a carbon fiber and shows the core fiber surrounded by folded graphite layers (see
arrow). Figure 5c¢ shows a curly carbon fiber with Fe-based nanoparticles inside. The end of the carbon
fiber exhibits a curly structure due to the Fe-based nanoparticles inside (see the inset). Figure 5d shows
an HRTEM image of the metal nanoparticle enclosed by the circle in figure 5c, revealing an interlayer
distance of 4.54 A, which is attributed to the (100) crystallographic planes of iron carbide (FesC). Figure
6 displays SEM and HRTEM images of carbon materials obtained at the end of the reactor (final section).

The SEM images clearly show the presence of carbon fibers and carbon onion-like material, figure 6(a-



b). HRTEM images of this material revealed that it is composed of metal nanoparticles with ~2-12 nm
diameters surrounded by a few graphite layers; EDX analysis on a metal nanoparticle revealed the

presence mainly of S, Fe, and C as shown in figure S2(b-c).

Raman spectra of N-CNS are shown in figure 7. The vertical lines refer to the typical values of graphite
for the D-band and the G-band. The Raman spectra are similar; however, a thorough analysis of the D-
and G-band peak positions revealed upshifts and downshifts of up to 30 cm™, when compared to graphite.
Notice that the D-peak and G-peak positions depend both on where the sponges were collected in the
reactor and the acetone concentration. The Raman shifts values for the D- and G-bands are indicated in
figure 7d. The D-bands downshift is preferentially observed for samples from experiment S3 (ethanol-
acetone 1:3). The D-band downshift is attributed to the presence of structural defects, such as vacancies,
edges, and non-hexagonal rings [45]. Regarding the G-band, a downshift is dominant in most samples;
the downshift was likely caused by the nitrogen doping [46]. Figure 7e depicts the ratio of the intensity
of the D- and G-bands peaks (Io/lg). Samples from experiments S2 and S3 exhibited the largest values

of Io/ls, suggesting the presence of structural defects.

XRD characterizations of N-CNS are displayed in figure 8. The vertical line refers to the standard
position for graphite. The peak of the (002) crystallographic plane, typical of graphite materials, follows
interesting trends. In our case, asymmetric and wide peaks can be observed for samples synthesized at
the middle section of the reactor (samples M4, M5, M6, and M7). This asymmetry suggests the presence
of at least two distinct interlayer distances. A deconvolution of the (002) graphite peaks provides
information on the graphitization degree of the N-CNS. Many factors could affect the graphitization
degree such as positive or negative curvatures of the graphene layers, presence of functional groups at
edges, generation of vacancies, and doping [47]. The conventional graphite and turbostratic graphite

possess a regular spacing but different stacking, while convectional graphite possess ABAB stacking,



turbostratic graphite is randomly stacked. According to XRD, the (002) crystallographic plane provides
information about stacking of graphene layer over c-direction and how growth the stacked in that
direction. For instance, Singh et al [48] realized a peak profile fit using two Voigt spectral functions to
process (002) peak and identify the crystalline structures related. The information obtained indicated that
interlayer distances increase with nanotube diameter producing a displacement in (002) peak, such
displacement also could be associated to curvature of the graphene layers. They discovered that with
increment of the diameter of the nanotubes the FWHM decrease and the component in 20 is gradually is
modified as increase or decrease the distance of the graphene layers. In our case, the (002) peak was
fitted using two pseudo-voigt curves to fit the peaks (m and y curves). In figure S3 (Supplementary
Information), we show an example of a deconvoluted peak. The interlayer distances derived from the ©
and y curves (dn(002) and dy(002)) are shown in tables S(1-3). The area under the © curve provides
information on the degree of graphitization of the sample. Figure 8d depicts the interlayer distance and
the percentage area under the m and y curves. Samples synthesized with acetone exhibited the largest
values of dn(002), see figure 8d. Regarding the dy(002), the largest values were obtained for samples
from experiments S1 and S2, suggesting the likely presence of turbostratic graphite or embedded small
Fe-based nanoparticles in the graphite layers (figure 8e). Figure S3 (Supplementary Information) depicts

the XRD plots showing the signals of the catalytic nanoparticles for 26=32-90.

The TGA results for the N-CNS revealed interesting trends (figure 9). Here, the TGA provides
information on the amount of Fe content and the thermal stability of the N-CNS. The sample weight
versus temperature curve showed different behaviors depending on where the samples were collected in
the reactor. The oxidation temperatures were in the ranges of 630-647 °C, 541-650 °C, and 517-656 °C
for the initial (figure 9a), middle (figure 9b), and final (figure 9c) sections, respectively. These oxidation

temperatures are lower than the obtained for functionalized few-walled carbon nanotube sponge (~700



°C) [49], higher than the carbon foams case (~400°C) [50], and similar to the graphite oxide situation
(~650 °C) [51]. The lowest oxidation temperatures were found for sample S1-M8 from the final section.
For the middle section, where production yield is high, the N-CNS produced with ethanol-acetone 1:3
are less thermally stable (sample S3-M6, figure 9b), showing an oxidation temperature of 541 °C. In

table 3, we summarize the weight of the residual materials and the oxidation temperatures.

XPS characterizations for samples that were collected from the middle section. The XPS survey spectra
revealed the presence of Si, C, N, and O whose concentrations are sensitive to the concentration of
acetone, see figure 10 and table S4. The N-CNS produced with acetone exhibited lower oxygen
concentrations, 2.9-3.8 % w/w. Samples synthesized with only ethanol showed the highest oxygen
content of 6.3 % w/w. All considered samples exhibited nitrogen concentrations of 3.5-4.9 % w/w, which
are larger than those of nitrogen-doped carbon nanotubes produced with the benzylamine and ferrocene
precursors [40]. The deconvoluted C1s, N1s, and O1s peaks are shown in figure 11. The binding energies
(gravity center), full width at half maximum (FWHM), and integrated area of the expanded peaks are
shown in tables S(5-7) in Supplementary Information. The expanded Cls peak analysis (table S5)
revealed the presence of C=C, C-C, C-O and O-C=0 chemical species, see figure 11(a-c). The C=C
bonds are related to sp? aromatic carbon rings. The C-C bonds can be associated to sp® hybridization.
The C-O and O-C=0 bonds are attributed to chemical groups attached to the sponge surface or edges.
Since the N-CNS are super hydrophobic, we believe that these oxygen functional groups do not
correspond to phenolic or carboxylic groups, which are hydrophilic groups. Likely these functional
groups could be part of esters (methyl or ethyl acetate) and ethers (methoxy and ethoxy) these organic
species exhibit a methyl radical (-CHz3), which is non-polar and hydrophobic, at their tails. The expanded
N1s peak, see figure 11(d-f), reveals that the nitrogen is incorporated via N-quaternary, N-pyrrolic, and
N-pyridinic into the graphite layers, see also table S6. Traces of N-O bonds were detected in all samples.

Amine group (-NH>) signals were observed for N-CNS that were synthesized with a high acetone



concentration (figure 11f). Recently, Shan et al. [24] used ferrocene and pyridine as precursors ina CVD
experiment to dope carbon nanotube sponges, they reached up to 4.3 % of nitrogen content being N-
quaternary the main specie found in their carbon sponges. In our case, we observed that the pyrrolic is
dominant in N-CNS synthesized with ethanol, whereas the N-quaternary is favored when the acetone is
incorporated in the reaction. Notice that the reactivity of the nitrogen doping at carbon lattice is an
important research field due to nitrogen doping is related with possible practical applications. For
instance, pyridinic—type nitrogen atoms could improve of the electrochemical activity of the electrodes
based in carbon material [53]. For the expanded Ols peak, traces of O./C, COOH, N-O, Fe-O, and

Fe(OH)O were identified, see figure 11(g-i) and table S7.

The hydrophobicity of the spongy materials were tested by putting a colored water drop on the N-CNS’s
surfaces, figure 12(a-c). A highly hydrophobic behavior, which maintained the surface tension and
spherical shape of water droplets was kept on the N-CNS surface. We measured a contact angle of ~142°
which is in accord with previous studies [38]. In our carbon nanotube sponges, the high hydrophobicity
could be related to the roughness of the material or the presence of water-fearing chemical groups (ether-

and ester-groups) which exhibit alkyl radical bonded to carbonyl groups [38].

The absorption capacity properties of N-CNS are shown in figure 12(d-f). The results for samples S1-
M4 (figure 12d), S2-M5 (figure 12e), and S3-M7 (figure 12f) were obtained. N-CNS that were
synthesized using only ethanol yielded better results, reaching Q values of 30 and 45 times its weight for
the ethylene-glycol and dichlorobenzene, respectively (figure 12d). The N-CNS produced by
incorporating acetone in the CVD method exhibited a reduction of the absorption capacity, as shown in
figure 12(e-f). Notice that our absorption capacities are lower than obtained by Gui et al. [1], they found
absorptions up to ~125 times their weight for mineral oil using densities of carbon sponges of ~7.0

mg.cm3.



Figure 13 shows a preliminary study on the role of the acid treatment on the absorption capacity of our
carbon sponges. Here, the N-CNS were exposed to an acid treatment for one minute, which caused severe
structural damage, see SEM images in figure 13(a-d). The carbon sponges become hydrophilic with a
lower absorption capacity for organic solvents. The absorption capacities of acid treated N-CNS are
shown in figure 13(e-g). The oil absorption capacity decreased possibly due to the steric impediment of
the amorphous carbon with functional groups decreasing the affinity to create Van der Walls or
electrostatics interactions with organic solvents. Also as the superhydrophobicity is related with the oil
absorption capacity [52], it is possibly that acid treatment formed more oxygenated groups, losing the
superhydrophobicity behavior and becoming partially hydrophilic. Acid treatment in N-CNS causes a

negative effect on their absorption properties, however, more investigation in this direction is needed.

4 Conclusions

The XPS characterizations revealed the presence of oxygen functional groups, suggesting the anchoring
of ethoxy and ester groups on the surface of the N-CNS. We found that carbon fibers exhibited inner
ordered graphite layers (~40 nm diameter) and outer layers with poor graphitization (~20 nm thickness).
We have also found metal-nanoparticles with an a-Fe, y-Fe and FesC composition inside, embedded, and
on the surface of the carbon fibers. TGA revealed that the N-CNS present oxidation temperatures from
600 to 700 °C. The N-CNS were tested for hydrophobicity and organic solvents absorption, which
demonstrated that they are super hydrophobic with interesting solvent absorption properties; they
absorbed up to 45 times their own weight. The absorption capacity measurements using methanol,
gasoline, vacuum oil, vegetable oil, diesel, ethylen-glycol, dichlorobenzene, and chloroform as solvents
demonstrated that N-CNS produced with only ethanol are better absorbers than those produced with
ethanol-acetone mixtures. The main effects of the acetone in N-CNS production were: (1) an increase of

the coaxial carbon nanotube diameter; (2) a greater amount of material in the middle area; (3) the



inclusion of FezC nanoparticles in the body of N-CNS; (4) increasing of reactivity of N-CNS due to the
decrease of oxidation point; (5) increase of oxygenated chemical groups on the surface of N-CNS; (6)
Surprising changes in the surface of the N-CNS due to short time acid treatment have also been shown.
Spongy material mixed with other carbon species, which were grown mainly at the inlet and outlet of the
reactor, is also present. However, although the N-CNS is found at the middle part, the real spongy
material grows shifted to the right with the increasing of acetone. Carbon nanotube sponges are a novel
and fascinating macroscopic material whose individual constituents are of nanoscopic size; that
exceptional findings is far that be ended. Research to discover more of these new carbon materials with
surprising physical and chemical properties as well as to find more efficient applications are in progress.
This work contains relevant results that concern new ways of creating carbon 3D-nanomaterials with
novel properties that could be also used for ionic batteries.
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TABLES AND CAPTIONS

Table 1: Alejandro J. Cortés-Lopez et al.

Solution* Precursors Concentration (wt%)
Benzylamine 97
A Ferrocene 2.5
Thiophene 0.5
Ethanol 98.6
B Ferrocene 1.28
Thiophene 0.128
Ethanol-Acetone (1:1) 98.6
C Ferrocene 1.28
Thiophene 0.128
Ethanol-Acetone (1:3) 98.6
D Ferrocene 1.28
Thiophene 0.128

* 500 mL were prepared of each solution.
Table 1: Content of the solutions that were used as precursors in the aerosol assisted chemical vapor
deposition (AACVD) experiment; two sprayer configuration, see figure 1. In all experiments, sprayer-1

contained solution A. The content of sprayer-2 was varied between the B, C, and D solutions for

experiments S1, S2, and S3, respectively.




Table 2: Alejandro J. Cortés-Lopez et al.

Weight (g)
Section Label Range (cm) Ethanol Ethanol- Ethanol-
Acetone 1:1 Acetone
(S1) (S2) 1:3 (S3)
M1 0-5 0019 - e
Initial M2 5-10 0.315 1.518 1.839
M3 10-15 1538 - e
M4 15-20 1.089 3226 -
M5 20-25 0.106 1.808 -
Middle M6 25-30 0.206 1.431 4.619
M7 30-35 0.104 0.778 3.160
M8 35-40 0.083 0.560 3.165
Final M9 40-45 - 0.201 0.302
M10 45-50 - e 0.340
Total 3.460 9.522 13.425

Table 2: Yield production samples obtained in the AACVD experiment and classified based on their
position along the reactor (quartz tube). Notice that an increase of the acetone concentration promotes an
increase in the yield production of carbon material (experiments S2 and S3). The spongy carbon material

formed mainly by tangled carbon fibers was obtained in middle section.



Table 3: Alejandro J. Cortés-LoOpez et al.

Section Sample Temperature (°C) Residual materials
(%)
S1-M3 647 0.000
Initial S2-M2 640 3.14
S3-M2 630 3.14
S1-M4 635 2.69
Middle S2-M4 650 0.000
S3-M6 541 1.570
S1-M8 517 25.34
Final S2-M8 656 0.00125
S3-M8 572 0.00249

Table 3: Oxidation temperatures and residuals from TGA for the N-CNS collected along the reactor
(initial, middle, and final sections). A high amount of residue was obtained for experiment S1 (ethanol

precursor) at the final section.



FIGURES AND CAPTIONS

Figure 1: Alejandro J. Cortés-Lopez et al.
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Figure 1: Schematic representation of the aerosol assisted chemical vapor deposition (AACVD) setup,
showing the two sprayer configuration (sprayer-1 and sprayer-2). Sprayer-1 contains a solution of
ferrocene, benzylamine, and thiophene, whereas sprayer-2 contains ferrocene, ethanol, acetone and
thiophene. Details on the different concentrations can be seen in table 1. The samples are collected and

labeled by Mk (k=1,..., 10), according to their position along the reactor.



Figure 2: Alejandro J. Cortés-L6pez et al.
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Figure 2: Temperature profile in the tubular furnace and yield production of carbon materials alongside

the reactor. The N-CNS were obtained mainly in the middle section, from 15-35 cm.

Figure 3: Alejandro J. Cortés-L6pez et al.
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Figure 3: SEM images showing the N-CNS synthesized along the reactor for experiments S1 (first row),

S2 (second row), and S3 (third row). Images displayed in the second column, which were obtained from



the middle section in the reactor, correspond to well-entangled carbon nanofibers (spongy carbon
material). Different diameters (520-810 nm) can be observed. The diameter distribution can be seen in

figure S1.

Figure 4: Alejandro J. Cortés-L6pez et al.
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Figure 4: TEM images of N-CNS. (a) Curly carbon nanotubes, (b) tip of a curly carbon nanotube. (c)
Inter-planar spacing of graphite layers in the inside MWCNT carbon nanotube. (d) Curly carbon
nanotubes with a bamboo shape, see the inset. (e) Carbon fiber showing a few layer MWCNT inside. (f)
Carbon nanotube with iron compound inside. (a)-(c) From experiment S1, (d)-(e) from experiment S2,

(f) from experiment S3.



Figure 5: Alejandro J. Cortés-L6pez et al.
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Figure 5: HRTEM images of carbon nanotubes with particles inside and embedded. (a) Multiwalled
carbon nanotube with iron carbide nanoparticles inside. (b) High magnification of the graphite tip from
image (a). (c) Long carbon nanotube with FesC nanoparticles inside (see the enclosed area). (d) FesC
nanoparticle surrounded by graphite layers, exhibiting an interplanar distance of 4.54 A corresponding

to (100) crystallographic planes.

Figure 6: Alejandro J. Cortés-L6pez et al.
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Figure 6: (a)-(c) SEM images of nanoparticles distributed in the final section from experiments S1, S2,
and S3. (d)-(f) The corresponding HRTEM images. The sponge contains carbon fibers and onion-like

carbon materials formed by metal nanoparticles surrounded by graphite layers.



Figure 7: Alejandro J. Cortés-L6pez et al.

Intensity (a.u.)

Raman Shift (cm™)

(a) S1 (Ethanol)

(b) S2 (Ethanol-Acetone 1:1)

(b) S2 (Ethanol-Acetone 1:1)

j\/c (1591) M7 D (1343) G (1602) M8 D (1350) \/u
\\__/Aw\\_ ,—-/

D (1360) \/ G (1603) M6 D (1346) G (1596) M7 D (1345) G (1575) M9

MD (1350) GW(1564) I ‘. .M.s D (1:66) Ut (1598) : j\/u

D (1365) G (1600) M4 D (1360) G (1589) M5 D (1362) h G (1587) M7

\/\ \/

L i——— e

D (1353) G (1595) M3 D (1352) \j G (1592) M4 D (1350) \/ G (1575) M6

D W(msvs) M2 j\ﬂ G (1592) M2 D (1347), \/ G (1582) M2
M __j

Raman Shift (cm™)

T T T T T ¥ T L T X T x T ) T ¥ T T T T T
500 1000 1500 2000 2500 3000 350500 1000 1500 2000 2500 3000 350 500 1000 1500 2000 2500 3000 3500

' 'm SI, ® S2, A S3

m o
(] 2
> e

A

(d) [w S, @ 52, 43 (e)
1.10
® D-band
13651 o . A
& 1.05 1
A
13554 - Hesogsmessncanans R s 1.00-
l | ] A A @
1345 1 . e & o 0.954
b=
i ] (=]
1605 = . - G-band — 0904 m
T S anal Sl S et RS e s
° . 0.85
1585 s L 4 e
1575 A A 0.80
s . O O 0.75 ‘
M2 M3 M4 M5 M6 M7 M8 M9 MIO M2

Sample

T

M3 M4 M5 M6 M7 M8 M9 MI10

T T T T T

Sample

Figure 7: Raman characterization of N-CNS materials. (a) Samples S1 (synthesized using only ethanol),

(b) samples S2 (synthesized using ethanol-acetone 1:1), and (c) sample S3 (synthesized using ethanol-

acetone 1:3). The vertical lines indicate the typical values of D and G Raman shift in graphite. The label

M indicates where the samples were collected in the reactor. (d) The D and G band values. The green

dashed lines indicate the D and G graphite bands with values of 1354 and 1597 cm™, respectively. (e)

The ratio of the intensity of the D- Raman peak and the G- Raman peak (Ip/lg).



Figure 8: Alejandro J. Cortés-L6pez et al.
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Figure 8: XRD plots for 26=20-32 showing the (002) crystallographic plane, typical of graphitic
materials. (a) Experiment S1, (b) experiment S2, and (c) experiment S3. The vertical lines indicate the
standard values for graphite. The label M indicates where the samples were collected along the reactor.
(d) The interplanar spacing (dr and dy) was derived from the gravity center of the Gaussian curves. (€)

Area under the Gaussian curves. Large values of the area (m) is an indication of a high degree of



graphitization. XRD plots for 26=32-90 can be seen in figure S4, revealing the presence of iron and iron

carbide nanoparticles.

Figure 9: Alejandro J. Cortés-Ldpez et al.
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Figure 9: TGA analysis of N-CNS from experiment S1, S2 and S3 for (a) initial, (b) middle and (c) final
sections. The corresponding morphologies can be seen in figure 2. The oxidation temperatures and
residual weights are shown in table 3. The highest residual weight was found for S1-M8 (sample collected

from the final section).



Figure 10: Alejandro J. Cortés-Lopez et al.
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Figure 10: XPS survey of N-CNS. (a) S1-M4, (b) S2-M4 and (c) S3-M6. Atomic percent can be seen in

table SI-4.



Figure 11: Alejandro J. Cortés-Lopez et al.
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Figure 11: XPS analysis for the expanded C1s, N1s and O1s peaks for N-CNS obtained at the middle
section of the reactor. (a,d,g) S1-M4, (b,e,h) S2-M4, and (c,f,i) S3-M6. Details on the deconvolution

analysis are shown in table SI-5-7 (Supplementary Information).



Figure 12: Alejandro J. Cortés-Lopez et al.
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Figure 12: Images of water droplets demonstrating the hydrophobic behavior with surface contact angle

> 150°, (a) and (b) N-CNS from experiment S1, (c) N-CNS from experiment S2. Solvents absorption

properties for (d) S1-M4, (e) S2-M5, and (f) S3-M7.



Figure 13: Alejandro J. Cortés-L6pez et al.
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Figure 13: SEM images of N-CSTNs that were exposed to an acid treatment for one minute: (a) S1-M4,
(b) S2-M5, (c)-(d) S3-M7. (e)-(g) Absorption capacities of N-CSTNs treated with acid. For the acid
treatment, HNO3/H2SO4 1:3 was used. Notable effects are observed on the surface morphology of N-

CNS.



