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Abstract: Global warming caused by CO, emissions is a major environmental problem. Thus, the
development of materials with innovative architectures that approach the CO, problem is a necessity.
In this study, hierarchical porous carbon fibers (HCFs) were synthesized by a chemical deposition
process that operates at 400 °C and uses solution-plasma-generated soot (PGS) as a carbon precursor.
Subsequently, the CO, adsorption capacity of the synthesized material was evaluated. The HCFs
showed enhanced surface areas and networks of micropores and mesopores. Moreover, the HCFs
were post treated by metal etching and KOH activation. The post treated HCFs achieved a CO,
uptake of 0.8 mmol g~ ! at 273 K, which was superior to the simultaneously produced solution plasma
carbon (SPC), which has a CO, uptake of 0.2 mmol g_l.

Keywords: CO, adsorption; hierarchical structure; carbon fiber bundles; carbon fibers solution
plasma; plasma-generated soot

1. Introduction

Carbon dioxide (CO,) greatly contributes to global warming and associated environ-
mental problems. The temperature of the surface of the Earth increases by about 2.3 °C
when the existing CO, content of the atmosphere is doubled [1]. Therefore, it is of utmost
importance to not only reduce emissions but also go beyond this by capturing and storing
CO,. For several years, solid porous materials such as metal-organic frameworks [2,3],
covalent organic frameworks [4,5], mesoporous silicas [6], porous polymers [7], and porous
carbons [8-11] have been broadly investigated as adsorbents due to their advantages,
which include large surface areas and high adsorption capacities. Among all solid porous
materials, carbon materials have attracted interest for large-scale applications, owing to
their affordability, ease of recovery and handling, and recyclability [10]. The fabrication
process for porous carbon materials involves the pyrolysis of biomass or other organic
precursors at more than 400 °C. Nearly all carbon materials contain pores, because they
are products of thermal decomposition and their porosity is produced by the out-gassed
components left behind during the carbonization process [9]. As a result, carbon materials
have a broad pore size distribution which can be modulated by post chemical activation
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at high temperatures (700-1000 °C). Moreover, carbon materials have advantages such
as high chemical stability, high temperature resistance, and low weight. Porous carbons
have a broad pore size distribution that ranges from the micro to the macro scale. This
hierarchical structure with mesopores and micropores is considered central for CO, ad-
sorption. Mesopores (50-52 nm) allow fast gas diffusion while micropores (less than 2 nm)
induce high surface areas and adsorption dominated by interactions between the gas and
the pore walls. Another feature of carbon materials is the different morphologies that they
adopt. Fibrous activated carbons, especially with a hierarchical architecture, have major
advantages over granular carbons in terms of porous structure and larger surface area,
elements that are promising for CO, adsorption [5,12-16].

Conventional methods for the fabrication of carbon fibers such as spinning and py-
rolysis, are normally based on the precursors in use. The most common carbon fibers
are polyacrylonitrile (PAN)-based fibers [17], pitch-based fibers [18], and vapor-grown
fibers [8,19-22]. For the first two, the production method consists of spinning, stabilization,
and carbonization. The spinning process can be difficult to handle and the carbonization
process requires temperatures of more than 1000 °C [22]. On the other hand, vapor-grown
fibers present the advantage of a rapid and simple synthesis, relative product uniformity,
and a certain degree of graphitization. The nucleation of fibers follows the principle re-
ported by Endo et al. [19,21], which describes the seeding of catalyst particles on a substrate.
The contributing elements for the growth of fibers are: the substrate, the atmospheric
composition and condition during the fiber growth, and the carbon precursor. Commonly,
the carbon precursor is in a gaseous state such as acetylene, methane, carbon monoxide, etc.,
or in a liquid state such as benzene, ethanol, etc. Nevertheless, liquid precursors require
means of conversion to gaseous form before reaching the active substrate; this requires
a more complex setup with an external heating source and longer reaction durations for
the growth of fibers.

Solution plasma (SP), an emerging plasma technology, has been developed for syn-
thesizing a variety of materials, such as metal nanoparticles, metal oxides, and carbon
materials with different structures [23-26]. By using organic solutions, carbon materi-
als can be continuously generated. In SP, a non-equilibrium system emerges due to the
large temperature gradient between the center of the plasma and the plasma-liquid inter-
face [27,28]. This system generates activated particles such as ions, electrons, and radicals
that interact with the surrounding solution, decomposing, re-arranging molecules, and
giving rise to carbon materials. The advantages of this method include the use of different
organic molecules as precursors containing different functional groups, fast synthesis rates,
simple setup and operation at room temperature, and atmospheric pressure. It is important
to mention that during the discharge and fast generation of carbon materials in solution,
an organic vaporized product, so-called solution-plasma-generated soot (PGS), is simultane-
ously generated. Up to the present time, not much has been reported about the advantages
and potential uses of this plasma-generated product.

Here, we demonstrate a method for synthesizing hierarchical structures consisting of
vapor-grown hierarchical porous carbon fibers (HCFs), employing PGS as a precursor. The
convergence of mechanisms that interact at multiple scales, especially from the meso and
micro scale, are indispensable for adsorption purposes. Thus, CO, adsorption is further
explored in this work. Furthermore, post treatment procedures were applied to HCFs in
order to modify the surface topography of the fibers and test their adsorption capacity
for CO,. Moreover, the adsorption capacities and textural properties of simultaneously
synthesized solution plasma carbon (SPC) were compared with those of the HCFs.

2. Materials and Methods
2.1. The Solution Plasma (SP) Reactor and Heating Chamber
The SP reactor setup consisted of a glass flask and two tungsten electrode rods

(99.9% purity, Nilaco Corp., Tokyo, Japan) of 1.5 mm in diameter, with a gap of 1 mm
between them. A solution of 80 mL of o-dichlorobenzene (99.0% purity, Kanto Chemical
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a)

Co., Inc., Tokyo, Japan) was used as liquid precursor inside the SP reactor. Plasma was
generated between the two electrodes using a high-voltage bipolar pulse generator (Pekuris
AC-MV85-0002). The SP reactor was a closed system that included a bubbler (which dis-
pensed the carrier gas) below the center of the plasma region and a single outlet in the
center of the reactor’s superior cover (Figure 1a). A filter (55304 mesh 100, 99.0% purity,
Nilaco Corp.) was installed at the entrance of the outlet to avoid large particles of coalesced
soot exiting the SP reactor. Moreover, a purge valve was installed to ensure the evacuation
of air inside the SP reactor.

b)
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Figure 1. (a) Experimental setup consisting of the solution plasma reactor and the heating chamber
connected by a gas dispenser system. (b) Hierarchical carbon fiber growth and surface modification.
Solution plasma was used as the method for supplying the carbon precursor (PGS) and subsequent
fiber growth on a Ni substrate. Then, the surface of the fibers was modified to enhance their physical
properties for CO, adsorption.

The SP reactor was connected to a heating chamber (modified furnace temperature
max 2000 °C) by a gas dispenser tube with nozzles. The dispenser tube extended alongside
the interior of a quartz tube (70 mm x 500 mm) inside the heating chamber. Reaction gases
flowed inside the heating chamber at controlled flows using digital flowmeters. Argon gas
(99.99%) was used as buffer gas and hydrogen gas (99.99%) as a co-catalyst gas. Both gas
cylinders were purchased from Alpha System Co., Nagoya, Japan.

2.2. Synthesis of Hierarchical Carbon Fibers (HCF)

The contributing elements for the growth of fibers are: a nickel substrate (99.9% purity,
Nilaco Corp.), a carbon precursor (PGS), and the atmospheric conditions during the fiber
growth (temperature and flowing gases). Firstly, a nickel substrate (99.9% purity, Nilaco
Corp.) with the size of 30 mm x 150 mm x 0.3 mm was washed with a 1 M HCI solution,
rinsed with propanol, and loaded into the heating chamber for drying in a continuous flow
of Ar. The chamber was heated at 900 °C under a 1:1 ratio of Ar:H; atmosphere for 45 min
to ensure the removal of impurities and the surface modification of the substrate. Next, the
heating chamber temperature was reduced to a reaction temperature of 400 °C and held for
45 min before the deposition of the PGS.
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In order to synthesize the PGS precursor, a volume of 80 mL of a pre-cooled solution
of o-dichlorobenzene (5 & 2 °C) was loaded inside the SP reactor. Before operating the SP
reactor, Ar gas was bubbled to evacuate all the existing air for 1 min and the purge valve
was then closed. The solution was stirred continuously during operation. The SP was
generated between the two electrodes using a high-voltage bipolar pulse generator (Pekuris
AC-MV85-0002). Subsequently, the outlet valve of SP reactor was opened and a plasma
discharge was generated between the tungsten electrodes at 5 kV. The pulse repetition
frequency and pulse duration were 80 kHz and 1.0 us, respectively. The reaction time
was kept for 9 min and the solution’s temperature was monitored every 3 min, reaching
a maximum temperature of 38 & 3 °C. The PGS was transported outside the SP reactor by
a constant flow of Ar, which was carried and passed through the dispenser tube, reaching
the Ni substrate at a temperature of 400 °C. Before deposition, the Ar supply inside the
heating chamber was stopped in order not to vary the partial pressure once the Ar-carried
PGS was inserted (ratio Ar:H; inside the heating chamber remained unchanged). After
9 min, the plasma was stopped, the SP outlet valve was closed, and the cooling down of
the substrate to room temperature was made under an Ar atmosphere. After that, the Ni
substrate was removed from the heating chamber and the deposited carbon fibers were
extracted from the substrate by sonication for 5 min in acetone. The HCFs were obtained
from this step.

In addition, the simultaneously produced carbon material from the SP reactor was
collected by filtration. This product was heat treated at 400 °C for 2 h under 1:1 Ar:H,
atmosphere. This sample was denominated as SPC.

2.3. HCF Post Treatment

The HCFs were post treated by KOH activation and metal etching, called HCF-K and
HCH-E, respectively. For the preparation of HCF-K, 20 mg of HCFs were mixed with
30 mL of 2 M KOH and 20 mL of C;Hs0OH. The mixture suspension was sonicated for
10 min. Then, the sample was dried at 100 °C for 3 h. The collected product was loaded
into a furnace and heated at 700 °C for 2 h under Ar atmosphere. The final product was
washed with deionized water and dried for 8 h at 100 °C. For HCF-E, the Ni content was
etched using an acid solution (20% HNO3, 8% Hy504, 20% CH3COOH and 52% H,O).
A total of 20 mg of HCFs were mixed with the acid solution, left to sit for 8 h, rinsed with
distilled water, and then dried at 300 °C for 8 h.

2.4. Characterization

A field emission scanning electron microscope (FE-SEM, 5-4800, Hitachi High-Technologies
Co., Ltd., Tokyo, Japan) was used to observe the morphology of the carbon fibers with
an acceleration voltage of 15 kV. The crystallinity was observed using X-ray diffraction
equipment (XRD, Rigaku Co., Ltd., Smartlab, Tokyo, Japan) with monochromatic Cu Ko
radiation (A = 0.154 nm) operating at 45 kV and 200 mA. Raman analysis was measured by
a spectrometer (Renishaw InVia TM Raman microscope) with a laser excitation wavelength
of 532 nm. Specific surface area, pore volume, and average pore size of the carbon fibers
were measured by the Brunauer-Emmett-Teller (BET) method, with N as adsorbent gas at
liquid nitrogen temperature (77 K). The CO, adsorption isotherms were measured with
a BELSORP mini II analyzer (MicrotracBEL Corp) at 273 K and 298 K. Pore size distribution
was analyzed by the software BELMASTER TM v 5.3.3.0, provided by BEL Japan Inc.,
Nagoya, Japan.

For the characterization of the physical properties of carbon materials and before any
adsorption test, samples were loaded in a glass cell and pretreated under vacuum for 2 h at
a temperature of 300 °C. Sample weight was measured precisely by comparing the blank
glass cell weight (measured before pretreatment) and the glass cell weight with the sample
after pretreatment.
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3. Results
3.1. Hierarchical Structure

The scanning electron microscopy (SEM) images (Figure 2) of the substrate confirmed
the presence of hierarchical carbon fibers (HCFs) grown by solution-plasma-generated soot
(PGS) deposition. The gas dispenser inside the heating chamber allowed the continuous
supply of precursor, allowing an extensive coverage of carbon material on the substrate.
Figure 1a exhibits the formation of HCFs. Prior to the deposition process, the Ni substrate
was thermally treated at 900 °C in a H, and Ar atmosphere. This pretreatment not only
removes impurities from the surface but also modifies the surface to be suitable for further
nucleation of carbon fibers. The metal surface underwent some physical transformations
even at a lower temperature than the melting point of nickel (1455 °C) [29]. The surface
rearrangement after the annealing process consisted of the emergence of grooves; these
were depressions that would act as sinks for precursor accumulation. These grooves
were preserved when the substrate was cooled down to a fiber growth temperature of
400 °C. When the supply of PGS began, carbonaceous species of different molecular sizes
accumulated on the surface to begin with the columnar growth of carbon. As reported
by Bartholomew C., 1982 [30], in a range temperature between 200 and 500 °C, different
carbon formations overlap on Ni, including carbides, amorphous carbon films and fibers,
and graphitic carbons. Carbon was dissolved in nickel and adsorption energies on the
surface varied according to the crystal orientation. Moreover, the binding of carbon atoms
to grooves was stronger than on smooth planes. When hydrocarbons were adsorbed on the
surface, carbon atoms/groups dissolved and migrated to growth centers, and after some
deposition time, there was a separation or detachment of metal particles and the beginning
of the columnar growth with nickel particles at the top. The nickel particles remained
active during the growth, reaching the surface of the deposited material. Moreover, the
use of o-dichlorobenzene as a carbon precursor in the SP reactor provided chlorine as
a corrosion agent of the metal substrate; hence, if the substrate is rough, nickel particles
are easily detached and fiber formation is favored. As seen in Figure 2b—e, SEM images
show the nucleation of HCF clusters (comprising tightly grown fiber bundles) in a region
where there was a major agglomeration of carbon precursor. The surface of the region
under the distribution nozzle was densely covered by these kinds of clusters. Other re-
gions of the substrate exposed to fewer amounts of precursor (Figure 2¢,f) show how
the fibers emerge from the grooves of the planar carbon layer. Additionally, Figure Sle,f
(supporting information) shows a crack on the planar carbon layer from which the colum-
nar architecture can be appreciated. Moreover, the emerging clusters of HCFs consist
of bundles of individual and non-smooth carbon fibers with an average diameter of
167 + 60 nm. (Figure 2d,f). Ni particles form part of the fiber’s structure at aligned
segments perpendicular to the bundle’s growth axis (and parallel to the substrate). Further-
more, the nickel particles remain active during growth, providing new ramifications and
prolonged growth (Figure S1b,d). These nodules can be seen along the fiber’s structure and
can provide a shift in the fiber’s growth axis angle. Moreover, the alignment of the metallic
segments in the bundles suggests the simultaneous detachment of nickel particles from the
substrate surface and the emergence of the columnar architecture. The metal content of
the fibers was estimated by Thermogravimetric Analysis (TGA) (Figure S2a), which shows
5% wt remaining after combustion at 1000 °C, corresponding to the metal content. Ni
content provides magnetic properties to the collected material (Figure S2b).

3.2. Post Modification of HCFs

The physical characteristics of the HCFs were altered with post modifications. As
seen in the SEM images, the resulting HCF-K and HCF-E show different qualities to the
non-treated HCFs. In HCF-K (Figure 3a), the characteristic bundles were unwrapped, and
defects on the surfaces of the fibers are noticeable. Non-smooth surfaces have microporous
sites that serve as sinks for adsorption or other reactions. By activating the HCFs it
was possible to enhance microporosity by adding physical modifications, such as the
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unwrapping of the bundles of fibers and the introduction of surface defects on individual
fibers in the form of rugosity and cavities (Figure S3a—f). Furthermore, the metal content
was not removed from this sample, so the fibers did not lose their magnetic properties.
Figure 3d shows an energy dispersive X-ray spectroscopy (EDX) image of a fiber bundle
with nickel particles at the extremes.

Figure 2. Images of the HCFs grown on a Ni substrate. (a) Sketch of the formation of HCFs
across different regions of the substrate. (b,e) HCFs grown under the nozzle where there is a major
accumulation of precursor. (c,f) Region of the substrate where there is less concentration of precursor,
characterized by the emerging fiber bundles from cracks and grooves on the planar carbon layer.
(d,g) Bundle of HCFs comprising non-smooth fibers of relative regular diameters. Segments with
ending metal particles can be observed across the growth axis.

Sample HCF-E was treated with an acid solution to remove the metal content and
enhance the surface area. As seen in Figure 3b, the nickel segments are not perceivable
along the individual fibers (See also Figure S2¢,d). Moreover, bundles unwrapped and
lost cohesion due to the removal of metal nodules that were keeping the fiber segments
together. HCF-E also ceased to have magnetic properties due to the absence of nickel. As
seen in the XRD patterns from the HCFs (Figure 3f), HCE-E, which lacks nickel content
in its structure, shows a sharp peak at 25.89°, assigned to the carbon crystallographic
plane (0 0 2). Moreover, the overlapping of carbon crystallographic planes (1 0 0) and
(1 01) is perceivable at 43.31°. In contrast, activated HCF-K and plain HCF, which still
preserved nickel content in their structure, show sharp peaks at 44.44°, 51.84° and 76.25°
that correspond to the nickel crystallographic planes (11 1), (2 0 0), and (2 2 0), respectively.
Other than these peaks, the corresponding carbon crystallographic planes at 25.97° (0 0 2)
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and ~43° (10 0) and (1 0 1) are observed for both samples. In addition, SPC shows a broad
peak in the 19-26° range which is characteristic of amorphous carbon (Figure 3c). The ratio
Ip/Ig of HCF is 0.55 compared to 0.82 of SPC by Raman analysis (Figure S4). Figure 3e
shows a TEM micrograph of a fiber’s outer border in which carbon layers are turbostratic
and stacked parallel to the fiber’s axis, and the stacking becomes random towards the
center of the fiber. The interlayer spacing is 0.34 nm (Figure S5), which corresponds to the
(0 02) plane of graphite. In fibers of a narrower diameter (around 20 nm), the orientation of
the graphitic planes is more ordered and corresponds to a cup-like stacking. The interlayer
spacing has a value of ~0.34 nm (Figure S5a). This result matches the XRD results for all
of the HCFs. Additionally, the inset in Figure 3e shows the non-smooth surface of a fiber
which is characteristic of all individual fibers in a bundle.

SPC
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Figure 3. HCFs after modification. (a) HCF-K after activation with KOH. Segments of the fibers
present Ni metal nodules (brighter segments of the fiber). (b) HCFs after Ni etching with acid (HCF-E).
The HCF bundles unwrapped and metal nodules are not perceived. (c¢) Carbon material obtained
inside the SP reactor (o-dichlorobenzene as precursor). (d) EDX of the fibers showing the Ni particles
at the extremes of the fibers. (¢) TEM micrograph of the outer border of a carbon fiber. (f) XRD pattern
of post-treated HCFs and solution plasma carbon (SPC), also post treated at 400 °C under Ar and
H2 atmosphere.

3.3. CO, Adsorption of HCFs

In order to evaluate the physical characteristics for CO, adsorption of the HCFs, Nj
adsorption and desorption isotherms were measured and summarized in Figure 4 and
Table 1. The pore size ranges from 0.7 to 20 nm in the HCFs, which indicates hierarchical
porosities from mesopores to micropores (shown in Figure 3b). HCFs without any post
modification were characterized by the presence of fibers tightly wrapped together as
bundles. The average pore size of 7.693 nm indicates a dominant mesoporous structure,
which is also confirmed by the type IV isotherm (Figure 4a). In terms of microporous
structure, HCFs show a present but minor distribution even though the adsorption capacity
for Nj gas is higher than for other materials. However, when HCFs were post treated
there was a notable change in their textural properties. The Brunauer-Emmett-Teller
(BET) surface areas of HCF-K and HCF-E are larger than those of plain HCFs. HCF-E
showed the largest surface area of 379 m? g~! due to the physical modifications that the
HCFs undergo after Ni etching. Microporosity was induced by removing the metallic
parts of the fibers; bundles unwrapped and metallic nodules that gave continuity to
fiber segments ceased to exist. The length of individual fibers was therefore reduced
(Figure S2¢,d). Interestingly, there was a noticeable increase in the micropore volume, from
0.027 t0 0.171 cm® g~! and a reduction of the mesopore volume by about half, indicating
that after nickel etching there was a collapse of the mesoporous structure and an increase
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in microporosity, providing a hierarchical network of micropores and mesopores. The
adsorption—desorption isotherms for HCF-K and HCFE-E correspond to a type IV isotherm
with a steep inflection curve or knee, which indicates higher gas uptake by micropores at
low partial pressures. Another noticeable characteristic is the hysteresis loop, typical for
mesoporous materials. The desorption process is characterized by the presence of pore
condensation in mesopores, where adsorption depends not only on fluid—-wall interactions
but also, fluid—fluid interactions that produce condensation in the pores. The gradual
desorption is also the result of different pore interactions associated with pore evaporation
between connected structures in the hierarchical network. In the case of HCF-K, there was
also an increase in the surface area and micropore volume, and a marked reduction of
the mesopore volume. This sample was activated with KOH at 700 °C, which induced
surface defects and cavities on the surface of individual fibers (Figure S3). The increase
in micropore volume could be associated with the emergence of such surface defects
and cavities on the fibers. At the same time, the fiber bundles were unwrapped and the
mesoporous network collapsed. It should be noted that the post treatment processes (i.e.,
prolonged sonication and heat treatment) induce the collapse of brittle structures and raise
the amounts of the amorphous phase which might influence the changes in surface area. In
the case of SPC, the surface area and pore volumes are inferior to that for any other HCFs
synthesized simultaneously inside the SP reactor. The adsorption—desorption at liquid N,
temperature shows a type II isotherm, corresponding to a non-porous or macroporous
adsorbent. Likewise, the physical properties of the soot, denominated ST, are detailed in
Table 1 and Figure S6b. This product that was collected from the heating chamber (soot
that did not nucleate on the Ni substrate and coalesced), showed even less surface area
than both HCFs and SPC. SEM images of the non-nucleated and coalesced soot can be seen
in Figure S6.
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Figure 4. Textural properties of HCFs and CO, adsorption. (a) N, adsorption—-desorption isotherms
at liquid nitrogen temperature (77 K). (b) Pore size distribution extracted from t-plot for microporosity
and BJH desorption for mesoporous pore distribution (inset). (c) CO, adsorption isotherms at 298 K.
(d) and 273 K.
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Table 1. Physical characteristics of the carbon samples.

Average €O, €O,

Sample SBET V1 Vmic Vmeso Pore Size Adsorption Adsorption

(m? g—l) (a) (cm3 g—l) (a) (cm3 g—l) (b) (cm3 g—l) () (nm) @ at273 K at 298 K

nm (mmol g—1) (mmol g—1)
HCFs 211 0.406 0.027 0.379 7.693 0.818 0.485
HCF-K 279 0.182 0.128 0.054 2.619 0.496 0.311
HCF-E 379 0.322 0.171 0.151 3.398 0.810 0.385
SPC 158 0.146 0.073 0.073 3.680 0.204 0.208
ST 122 0.114 0.048 0.066 3.739 0.204 0.168

@ Calculated by adsorption-desorption curves and BET method. ®) Micropore volume, calculated by t-plot
method. © Mesopore volume, calculated by the difference between Vt and V yc. Sger: Brunauer—-Emmett-Teller
surface area. Vr: Total pore volume. Vpi.: Micropore volume. Vieso: Mesopore volume.

CO; adsorption measurements were performed at 273 K and 298 K from 0 to 1 bar.
Figure 4c,d displays the CO, adsorption isotherms of HCFs and SPC and their adsorption
capacities, as listed in Table 1. HCFs exhibited a superior adsorption capacity to post
modified HCF-K and HCF-E at 298 K. HCFs had a dominant mesoporous structure with
tightly bundled longer fibers, which influenced the adsorption of CO,. HCF-E and HCF-
K are outperformed despite their enhanced micropore volume. This situation might be
explained by the collapse of the mesoporous structure during post treatment, which created
amorphous carbon segments that were not active sites for CO, adsorption. SPC, which was
predominantly amorphous carbon, presented the lowest adsorption capacity among all
the materials.

Measurements at 273 K showed an increase in the adsorption capacity of CO, for all
HCFs. HCFs demonstrated an increase in adsorption capacity, from 0.485 to 0.818 mmol g~ 1.
At the same time, HCF-E matched HCFs by adsorbing 0.8 mmol g~!. This increase in
adsorption capacity could be attributed to the enhanced textural properties such as a larger
micropore volume and surface area. At lower temperatures, CO, had a better interaction
with the hierarchical structure of HCF-E. HCF-K also demonstrated an increased CO,
adsorption capacity at a lower temperature. In contrast, the adsorption capacity of SPC
CO; remained almost unchanged with temperature. The isosteric heats of adsorption Qst
of the HCF and SPC were calculated from the adsorption isotherms at 273 K and 298 K
using the Clausius-Clapeyron equation. The isosteric heats vary from —0.5 k] mo~! to
6 kJ mol ! (Figure S7).

4. Discussion
4.1. Hierarchical Structure

Carbon materials with a defined morphology and a network consisting of hetero-
geneous and interconnected pores favor the adsorption of CO,. However, synthesizing
a material that has all these features is challenging and requires complex methods of
production. SP is an emerging method for carbon material synthesis due to its evident
advantages, such as fast synthesis and the use of a simple setup that operates under mild
conditions of temperature and pressure. Nevertheless, having control over the morphology
remains challenging [28]. In this study, we engineered a way to combine all the features of
the SP process to provide a hierarchical material with defined features in the macro, meso
and micro scales.

It is important to mention that the hierarchical structure of the final product has a direct
relation with the method of supplying the carbon precursor, and SP provides an adequate
pathway for such an endeavor. Firstly, the inception of PGS occurs under mild conditions
(room temperature and atmospheric pressure). Contrary to thermal decomposition systems
in which high operation temperatures are required, SP operates at room temperature and
atmospheric pressure. Secondly, SP has the advantage of using liquid raw materials, which
are easier to handle than precursors in gas states. With this approach it is possible to
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select a pure solution or a mixture in order to produce a final product with a particular
functionality and composition. In our case, the selection of o-dichlorobenzene was of great
importance for providing a final hierarchical material. The presence of chlorine, which
works as a strong oxidation agent, promotes corrosion and defect formation on the surface
of the Ni substrate where the growth of fibers takes place [31,32]. To test this, the PGS from
different precursors was utilized for carbon growth and the morphological characteristics
were analyzed (Figure S8). The hierarchical structure only corresponded to the fibers
grown by the PGS generated by o-dichlorobenzene. Additionally, the existence of surface
defects was found to play an important role in the nucleation and growth of columnar
structures due to the surface softening effects provided by the precursor’s composition
and the conditions inside the reactor. The columnar growth happened at relatively low
temperatures of 400 °C in the presence of hydrogen, which acted as a co-catalyst for
the growth of fibers. A hydrogen atmosphere contributed to the dehydrogenation and
activation of hydrocarbons [33]. Moreover, by softening the metal surface it was possible
to generate longer and uniform fibers due to the detachment of nickel particles. Such
particles are of crucial importance for the growth of fibers, since their size determines the
diameter of an individual fiber. Furthermore, the detached Ni particles, kept active during
growth, generated more seeds for fiber nucleation and contributed to the hierarchical
structure. All ramifications along the fiber bundle originated from the still-active Ni
metal particles. SEM images confirmed the presence of Ni nodules along the growth axis,
providing segments that became brittle if the metal was etched. Metal particles provided
structural support to the bundle architecture. It is also worth mentioning that the metal
content added magnetic properties to the fibers, a property that needs to be explored
further for other applications. TEM imaging confirmed the turbostratic orientation of
graphitic layers in the fiber’s borders, providing a crystalline structure. Thinner fibers
(<100 nm) showed even more ordered orientations in their structure (Figure S5a). XRD and
Raman results (Figures 3f and 5S4, respectively), confirmed the superiority of the HCFs in
comparison to the SPC in terms of crystallinity. When the fibers were activated with KOH
and a reaction temperature of 700 °C (HCF-K), cavities were introduced perpendicular to
the growth axis. These fibers, which had a lamellar structure, demonstrated additional
adsorption sites and enhanced microporosity (Figure S3). Finally, the HCFs synthesized by
this method presented better properties in terms of adsorption and crystallinity compared
to the simultaneously synthesized carbon material inside the SP reactor.

4.2. Morphology and CO, Adsorption Synergy

The HCFs had a dominant mesoporous structure consisting of long fibers (some
reaching ~130 pum), tightly bundled together (Figures 5 and S1). The bundles were tightly
wrapped and micropores were secluded in inter-fiber spaces. The adsorption-desorption
isotherm shows a hysteresis loop type H3, characteristic of mesoporous materials with
slit-shaped pores. In the desorption process, H3 shows a steep region or “knee” that closes
the hysteresis loop, due to the tensile strength effect [34]. In the case of HCFs, access to
micropores could be found in the narrow spaces between neighboring fibers that extended
across the bundle’s length, and the adsorption of CO, was favored in these spaces where
the adsorption potentials overlapped. Although the HCFs showed a dominant mesoporous
structure, this did not exclude the presence of micropores along the bundles and between
ramifications. When the metal content that provided cohesion to the bundle was removed
(HCF-E), there was a clear increase in the surface area and microporosity. Fibers that
detached and kept their integrity contributed with more active sites for adsorption. The
hysteresis loop shown in the desorption cycle corresponds to the type H4 [35], referring to
narrow slit pores, excluding those of the microporous region at lower partial pressures. The
unwrapping of the fiber bundles allowed major access to microporous sites that included
fiber—fiber spaces, and also induced defects caused by the post treatment with acid. These
defects acted as adsorption sites. Moreover, when the metal was removed, there was
a fracture of fibers in the locations where the Ni nodules were etched, yielding shorter
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fibers and enhanced microporosity due to the new fiber—fiber space contacts. HCF-E had a
higher adsorption capacity due to its superior microporous sites, which matched the size of
the adsorbed molecule. The critical parameter was not the pore size itself (the width of the
slit), but rather the ratio of w/c CO, (half width of the slit/molecule kinetic diameter of
COy, 0.33 nm) [36]. As the slit width diminishes, the interaction potential (energy) merges to
give a single minimum [34]. In the case of all synthesized HCFs, their pore size distribution
shows the existence of micropores of 0.7 nm (Figure 4b), which means that the ratio w/c
is close to 1, point where the adsorption potential overlaps due to wall-fluid interactions.
Nevertheless, the proportion of such sites fluctuates in HCF-E and HCF-K. The latter had
a superior micropore proportion due to the enhanced induction of defects on single fibers,
creating lamellar structures. Furthermore, post treatment contributed to increased amounts
of amorphous carbon; carbon structures that were not crystalline enough collapsed and
contributed to the amorphous proportion. For this reason, HCF-K showed an inferior
adsorption capacity compared to the other HCFs. The superior microporosity of HCF-K
could be attributed to the lamellar structure of the fibers. However, the separation of
this type of fiber has not been attempted in the present work, and the textural properties
corresponded to the overall product which was a mixture of amorphous and crystalline
portions. Nevertheless, the CO, adsorption of this sample took place in such microporous
spaces. Finally, the morphological and textural properties of SPC were inferior to any of
the HCFs. Amorphous carbon, in granular coalesced morphologies (Figure 3c), showed
lower adsorption capacities for CO; even after thermal treatment and activation.

a)  HCF b)  HCF-E ¢  HCFK
micropore 7% micropore 53% micropore 70%
mesopore 93% mesopore 47% mesopore 30%

Wedge slit-shaped pore Parallel slit-shaped pore Parallel and Narrow slit-
shaped pore
] 5| H4 5| H4
H H i
e 0
y
Pore slit/Kinetic diameter ratio Pore slitKinetic diameter ratio

W/6co= 1.06,

Figure 5. Morphological and CO; adsorption synergy of (a) HCFs, (b) HCF-E and (c¢) HCF-K.

o fiber-fiber spaces o fiber-fiber spaces o fiber-fiber spaces
¢ induced surface defects ¢ induced surface defects
© new meso-micropore access
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5. Conclusions

Here, we reported for the first time the usage of solution-plasma-generated soot (PGS)
as a precursor for the growth of hierarchical carbon structures with a defined fibrous
morphology. The synergistic factors that govern the nucleation of fibers were linked to
the method in which the precursor was supplied to the deposition system for the growth
of HCFs. The HCFs showed better crystallinity, hierarchical networks with micro and
mesopores, magnetic properties, and larger surface areas compared to the simultane-
ously synthesized SPC. CO, adsorption was conducted, and the results showed larger
adsorption capacities for HCFs, reaching 0.81 mmol g~!. By applying post treatment
processes on the fibers, it was possible to generate additional active sites for CO, adsorp-
tion. HCF-K showed a lamellar structure (Figure S3) that requires further investigation for
adsorption purposes.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/coatings12111620/s1, Figure S1: HCF bundles. Figure S2:
Thermogravimetric analysis (TGA) and metal content. Figure S3: HCF-K Surface defects on individ-
ual fibers and cavities (lamellar structure). Figure S4: Raman analysis. Figure S5: Turbostratic growth
of fibers. Figure S6: Soot characterization (ST). Figure S7: Isosteric heats of adsorption. Figure S8:
Carbon fibers grown with different PGS.
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