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Abstract: In this report induction heating was used for the catalytic chemical vapor decomposition
synthesis of carbon nanofibers (CNFs) on Ni-based catalyst. The CNFswere produced with a high yield
at a relatively low temperature compared to that observed for conventional heating through convection
and conduction. The process also occurred in the absence of secondary toxic organic compounds,
formed through side reaction in the high temperature gas-phase or through decomposition on the hot
wall of reactor as encountered with traditional Joule heating mode. The improved CNFs yield under
induction heating was attributed to the high reaction temperature control thanks to the high temperature
regulation rate provided by the induction heating coil. The local heating of the nickel nanoparticles by
the electromagnetic field could also contribute to the improvement of the CNFs yield. The results
obtained indicate that inductive heating mode could be of great interest for improving the heat transfer
in catalytic processes and also to reduce the problem of gradient temperature occurring inside the
catalyst bed during the operating of highly exothermic or endothermic processes. It is expected that such
electricity-driven heating mode could have contributed in an efficient way toward the electrification of
different catalytic processesin order to reduce the associated carbon footprint.

Keywords: induction heating, chemical vapor decomposition, carbon nanofibers, catalysis,
process el ectrification

1. Introduction

Carbon nanomaterials, carbon nanotubes and nanofibers, have received an ever increasing scientific
and industria interest since the last decades for being used in severa potential applications [1-6]. The
nanoscopic dimension of the CNFs provides high accessible and low diffusion path for the reactant
towards the active sites which contributes to an improvement of the overall catalytic performance.
Carbon nanotubes (CNTSs) display a tubular structure which could provide a nanometric confinement
mediafor metal nanoparticles with different catalytic properties [7]. However, sintering phenomenon of
metal nanoparticles seems to be easier on CNTs due to the weak interaction between the metal
nanoparticles and the low reactivity graphite basal plane present on the surface of the CNT. Such
interaction could be improved by doping the CNT with heteroelements such as nitrogen using an
appropriate nitrogen source [8-11]. Carbon nanofibers (CNFs) with an exclusive presence of graphite
prismatic planes which display higher interaction with the deposited metal nanoparticles compared to
their counterpart CNTs have received an increasing scientific interest as support for heterogeneous
catalysis field [12-17]. Such strong interaction, without a need for doping the material with foreign
heteroelements and thus, a more simplify synthesis process, leads to a high metal nanoparticles
dispersion which significantly improves the overall catalytic performance [18-22]. Sanz-Navarro et al.
[20] have reported that the strong interaction between the prismatic planes and the deposited platinum
nanoparticles leads to the restructuration of the metal particles and induces the appearance of strain in
the Pt-Pt bond. Similar results about the role of prismatic planes to stabilize the decorated metal nano-
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particles have also been reported in other works [17, 23, 24].

For catalytic applications, and especially for the gas-phase processes, the direct use of CNF as
catalyst support is hampered due either to the problems linked with the nanoscopic dimension of the
material which induces high pressure drop across the catalyst bed and also for transport and handling.
Numerous reports have been devoted to the synthesis of CNFs composites with controlled macroscopic
shaping for heterogeneous catalysis applications [25-30]. The advantages of hierarchical structured
supports made of CNFs are numerous. (i) high effective surface area and short diffusion path for
reactants diffusion in and for intermediate product diffusion out, (ii) low pressure drop for fixed-bed
catalyst bed even when operated under high gaseous velocities, (iii) lack of ink-bottled pores which
could hinder the accessibility to the active phase. In addition, when the CNFs are supported on a
conductive carbon host matrix the overall thermal conductivity of the composites is also significantly
improved which contributes to the reduction of local hot spots within the catalyst matrix.

For CVD process the inductive heating displays several advantages in terms of the rapidity to direct
the input energy to the target, the high selectivity of the heating area and the lack of any thermal induced
secondary reactions on the reactor wall [31, 32]. Indeed, in the case of inductive heating the reactor
walls, which is constituted generally by quartz, is transparent with respect to the induction and remains
at much lower temperature than the growth catalyst which is actively coupled and thus, prevents the
occurrence of secondary reactions leading to the formation of toxic organic compounds from the carbon
source on the reactor wall as generally observed under traditional Joule heating. The inductive heating
provides a rapid temperature to the catalyst thanks to the direct heating of the carbon-based support
through eddy current contrary to the conventional Joule effect where alarge part of the heat delivered is
wasted through heat dissipation by convection or thermal radiation within the synthesis setup [33, 34].
According to the advantages listed above the energy transfer by inductive heating is more effective
compared to other heating modes [35, 36]. Inductive heating has been efficiently used for the CvD
synthesis of carbon nanotubes and graphene [37-41]. The rapid heating/cooling alows the precise
control of the growth/quenching of the process which leads to materials with better quality. Inductive
heating was also efficiently used as heating mean for numerous catalytic processes where heat transfer
represents the main bottleneck to the processes [42-53]. Inductive heating can also be efficiently used
for local deposition of one-dimensional materials on MEMS [54, 55].

The aim of the present work isto report on the use of inductive heating setup for the CVD synthesis
of hierarchical carbon nanofibers (CNF) decorated carbon felt composites with nickel as growth catalyst
and ethane as carbon source. The inductive heating allows the rapid synthesis of the hierarchical
CNFs/GF composites at extremely low reaction temperature compared to that of the conventional Joule
heating which could be attributed to abetter heat targeting and regulation. The cold wall operating mode
allows one to avoid secondary reactions leading to the formation of toxic high weight organic
compounds, either through thermal decomposition of the intermediates on the reactor wall or directly as
homogeneous combination reaction in the gas-phase medium, as encountered with traditional CCVD
process carried out under Joule heating mode. The difference in terms of synthesis temperature, CNF
yield, and specific surface area between inductive and conventiona Joule heating will be discussed.
Inductive heating also allows one to produce CNF with smaller diameter compared to Joule heating
under similar reaction temperature.

2. Materials and methods
2.1. Support and catalyst

The commercial filamentous GF, ex-polyacrinonitrile (PAN), with adimension of 1 x 3 m? (thickness
of 6 mm) was supplied by Carbone Lorraine (MERSEN, La Défense, France). The as-received GF was
shaped in the form of disks (@ x thickness of 26 x 12 mm) for the experiment. The GFs displays a
relatively low specific surface area, 4 + 2 m?/g measured by means of N2 adsorption, which is mostly
linked with its geometric surface area and is in good agreement with the lack of internal porosity of the
material. The corresponding SEM micrographs of the pristine GF substrate with different magnification
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are presented in Figure 1 showing the well separate microfilaments of the GF and their smooth surface
and absence of internal porosity confirming the low SSA of the sample.

¥

Figurel. (A, B) SEM mirographs of the pristine grhite felt with ahighly entangled
morphology and smooth surface. (C) High resolution SEM micrograph showing the lack
of internal porosity inside the filament

The catalyst was consisted by a nickel nanoparticles dispersed on the carbon felt with a theoretical
nickel loading of 2 wt. %. The nickel was deposited via an incipient wetness impregnation method using
anickel nitrate aqueous solution as salt precursor (Ni(NOz)2.6H20, Fluka). The impregnated solid was
ovendried at 110°C for 2 h to gently evaporate the solvent and calcined in air at 350°C for 2 h in order
to decompose the nickel nitrate into its corresponding oxide. Before the growth process the catalyst was
further reduced in-situ under hydrogen flow (60 mL. min%) at 350°C for 2 h.

3.2. Carbon nanofibers growth process

The carbon nanofibers (CNFs) decorated carbon felt composites were synthesized by Chemical
Vapor Deposition (CVD) method using both inductive heating and conventional Joule heating modes.
The GF piece (diameter, 26 mm, thickness, 12 mm) was placed inside a quartz reactor (inner diameter,
26 mm, external diameter, 30 mm, length, 400 mm). The reactor was placed either inside an induction
coil (without external insulation) or inside a Joule heated electrical tubular oven with insulation plugs
on both ends of the oven.

Thedirect IH mode was operated using an induction heating system (EASYHEAT L1 8310, Ambrell
Ltd.) equipped with laser pyrometer (OPTCTL3MH1CF2, Optris, Germany). The induction cail is
constituted by aspiral 6-turn copper coil (Ilength = 1.05m, pure coil resistance = 2.066 x 10-3 Q2), cooled
by means of an external chiller with recirculated water/glycerol (10%) mixture operated with a nominal
power of 10 kW and afrequency of 270 kHz. For the experiment, a quartz reactor (ID = 10 mm, length
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= 400 mm, without any insulation) containing the catalyst, localized between two quartz wool plugs,
was housed inside the induction coil and the temperature was monitored by a PID system (Proportional
Integral Derivative controller, Eurotherm model 3504) connected to a laser pyrometer (Optris, & laser
beam: 500 pum, power < 1 mW, located at ca. 30 cm from the reactor) focused on the catalyst bed (GF
susceptor) and working in the 150-1000°C temperature range with an accuracy of + 1°C. The GF disk
containing the growth catalyst was heated up through the eddy current from the induction coil No
thermocouple was used to measure the reaction temperature due to it high coupling efficiency with the
induction coil.

The reactor temperature was raised from 350°C to the desired temperature within few minute
(heating rate of 50°C. min't). At the desired temperature the H, flow was replaced by amixture of ethane
and hydrogen (total flow rate, 20 and 100 mL min™?) and the synthesis was lasted at different synthesis
temperature for 2 h. Hydrogen was used as co-reactant as it could help to prevent carbon layer
encapsulation of the growth catalyst [56]. Hydrogen could also have influenced the surface
restructuration of the growth catalyst which in turn, modifies the structure of the deposited carbon
nanofilaments [57]. After the synthesis the reactor was cooled down from the reaction temperature, i.e.
620-700 °C, to < 150°C within few minutes through rapid solid quenching and heat exchange with the
surrounding atmosphere medium, and the reactant mixture flow was replaced by an argon flow and the
product was discharged from the reactor at room temperature. At low temperature, < 150°C, the natural
cooling through convection with the external medium remains the limiting step. However, at such low
temperature no reaction is expected to occur.

For comparison the same synthesis was also evaluated under indirect Joule heating using an electric
oven (ERALY Co., Yop = 200 mm, Jip = 55 mm, length = 300 mm, Imax = 8.6 A, Tmax = 1100°C). The
reactor was housed inside atubular electrical oven and both ends were insulated with quartz wool plugs.
The catalyst was reduced under the same reaction conditions as those used for the IH mode and the
reaction was evaluated under the same conditions as described above. The temperature was measured
by two thermocoupl es, oneinserted inside the oven and oneis attached to the external wall of thereactor.
The reaction temperature was controlled by the thermocouple located inside the oven. It is worthy to
note that for the Joul e heating the increase of the reaction temperature takes longer time due to the high
thermal inertia of the electrical oven. In the Joule heating mode, the carbon felt containing nickel oxide
precursor was reduced in situ under Hz flow at 350°C (heating rate of 20°C. min®) for 2 h. Then, the
reactor temperature was raised from 350°C to the reaction temperature (heating rate of 30°C min™t) and
the H. flow was replaced by a mixture of ethane and hydrogen (total flow rate, 20 and 100mL min™2)
and the synthesis was lasted at the set temperature for 2 h. The reactor was cooled down under the
reactant mixture flow down to 400°C and then, the reactant mixture flow was replaced by an argon flow
and the product was discharged from the reactor at room temperature. Details of the synthesis can be
found in previous reports [58]. As stated above, the high thermal inertia of the electrical oven cannot
allow the rapid quenching of the reaction temperature, similarly to that used for the IH mode, and thus,
the temperature decrease takes much longer time, i.e. 2 h instead of few minutes, to be under < 150°C.

3.4. Characterization techniques

The scanning electron microscopy (SEM) was carried out on a ZEISS 2600F with a resolution of 5
nm. The sample was deposited onto a double face graphite tape in order to avoid charging effect during
the analysis.

The TEM analysis was carried out on a JEOL ARM- 200F working at 200 kV accelerated voltage,
equipped with a probe corrector for spherical aberrations, and a point-to-point resolution of 0.2 nm. The
sample was dispersed by ultrasounds in an ethanol solution for 5 min and a drop of the solution was
deposited on a copper covered with aholey carbon membrane for observation.

The specific surface area of the support and the catalyst, after reduction, were determined in a
Micromeritics sorptometer. The sample was outgassed at 250°C under vacuum for 8 h in order to desorb
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moisture and adsorbed species on its surface. Physisorption measurements were carried out using N2 as
adsorbent at liquid N2 temperature at relative pressures between 0.06 and 0.99.

The Raman spectrawere recorded using LabRAM ARAMIS Horiba Raman spectrometer equipment.
Spectra were recorded over the range of 500 - 4000 cmt at the laser excitation wavelength of 532 nm.
The sample was deposited on glass substrate by deep-coating of its suspension and carefully dried before
measurement.

X-ray photoelectron spectroscopy (XPS) measurements were carried out on a Thermo Fisher
ESCALAB 250Xi spectrometer equipped with monochromatic Al Ka (hv = 1486.6 eV, 15 kV, 10.8
mA). The binding energies were calibrated on the carbon C1s peak at BE = 284.6 eV (accuracy within
+0.1eV).

Thermal gravimetric analysis (TGA) was realized on a TGA Q5000 instrument with a heating rate
of 10°C/min under air atmosphere. The weight of the sample was keep at around 10 mg in order to avoid
diffusion problems during the analysis.

3. Results and discussions
3.1. Ni@GF characteristics
The Ni@GF catalyst, after calcination and reduction under hydrogen at 350°C for 1 h under IH mode,
was characterized by TEM and the representative TEM micrographs are presented in Figure 2. Low
magnification TEM and STEM-HAADF micrographs (Figure 2 A and C) clearly show the relatively
high dispersion of the Ni NPs across the GF surface despite the low specific surface area of the support.
Such dispersion could be attributed to the presence of some surface defects as such or functionalized
with oxygenated groups on the GF which play the role of anchorage sites for hosting the Ni NPs [59-
61]. The average Ni particle size measured by statistical TEM isin the following order: 30 £ 10 nm for
the IH reduction and 50 + 10 nm for the JH reduction step (not shown). EDX and STEM-EEL S analysis
confirms the evenly repartition of the Ni NPs on the GF surface (Figure 2 B and D).
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Figure 2. (A) Low magnification TEM micrograph showing the evenly dispersion of Ni NPs
(indicated by arrows) on the GF felt after areduction step at 350°C under IH mode and (B) the
corresponding EDX spectrum of the sample. (C) STEM-HAADF micrograph of the Ni/GF catalyst
after thermal treatment. (D-F) Corresponding STEM-EEL S elemental mapping of the samplein C
showing the relatively high dispersion of the Ni NPs across the GF surface

3.2. Inductive heating vs Joule heating for CNF growth

The carbon nanofibers (CNFs) yield and specific surface area (SSA), as a function of the synthesis
temperature for a fixed duration of 2 h and under a mixture of CoHe:H of 50 mL: 75 mL. min'?, using
inductive heating (IH) and Joule heating (JH), are presented in Figure 3A. The CNFs yield increases
proportionally with the reaction temperature for both heating modes which is in good agreement with
the CVD process on nickel growth active sites [62]. The CNF yield is always higher regardless the
synthesis temperature under IH compared to JH as highlighted in Figure 3A. Such difference could be
attributed to the fact that under inductive heating the heat is directly generated within the catalyst, i.e.
Ni@GF, and thus, no heat lost was encountered as usually occur with traditional Joule heating. Indeed,
it is expected that for Joule heating the real catalyst surface temperature is underestimated due to large
heat lost through radiation and gas exchange while the low inertia of the oven is unable to compensate
and to maintain the heat for the reaction within the catalyst bed. In addition, the fast temperature
regulation of the IH mode allows one to keep the catalyst temperature as close as possible to the set
temperature despite the high endothermic character of the CVD process. Such on-spot temperature
regulation could significantly have contributed to the improvement of the CVD process operated under
IH compared to that operated under JH mode.

The results aso indicate that CNF growth has already been initiated at reaction temperature as low
as 620°C under IH mode (Figure 3A (left)). It is worthy to note that with conventional Joule heating
almost no CNF growth process was observed at such low synthesis temperature (Figure 3A (right)). The
ability of IH toinitiate catalytic processes at much lower temperature than JH has already been observed
by other groups [47, 63-66]. Such results could be explained by the fact that the high heating rate of the
IH and the lack of thermal inertia allow one to maintain the reaction temperature as close as to the
theoretical one which is not the case for the JH mode due to high inertia in temperature regulation as
discussed above. In addition, for carbon material the heat provided by the IH is mostly issued from eddy
current and is also mostly located on the materia surface [50], where the reactions take place, and thus,
strongly contributes to the improvement of the overall catalytic process efficiency. In addition, a second
parameter which could be considered is the influence of the magnetic field on the Ni active phase.
Indeed, the superior CVD activity under direct IH mode could also be attributed in part to the higher
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surface temperature of local Ni NPs on the support through magnetic interactions. Such local high
temperature can operate without changing the macroscopic temperature of the whole catalyst bed as
reported previously by Chaudret and co-workers during the oxygen evolution reaction and hydro-
deoxygenation processes [47]. In fact, the authors have attributed the high catalytic performance by an
over-heating of the surface of the nano-catalyst, i.e. FeNi nanoparticle, which induces local high
temperatures well above the boiling point of the solvent in which the reaction takes place. The heat
generated on such local high temperature was rapidly dissipated into the whole catalyst matrix and the
reactions were completed despite the relatively mild reaction conditions used. Similar results have also
been recently reported by Wu et a. [53] on Ni supported on CaO-C catalyst for the production of
hydrogen from biomass steam gasification process.

The SEM micrographs of the CNF@GF composites, with different magnifications, obtained after
the CVD at 700°C for 2 h under the two heating modes are presented in Figure 3B to E. Under IH the
CNF diameter is much smaller compared to that obtained under indirect JH (Figure 3E vs 3C). The
difference in terms of CNFs diameter observed between the CNFS/GF composites synthesized by
inductive and Joule heating could be explained by the difference of the heating mode. In the inductive
heating the temperature of the catalyst, Ni/GF, was rapidly ramped up as soon as the heating start, and
thus, sintering of the nickel growth catalyst could be significantly reduced before the CNFs growth
processisinitiated. On the contrary, for conventional Joule heating thetimeto reach the desired synthesis
temperature is much longer and thus, during such period, thermal sintering of the nickel nanoparticles
on the GF could occur, leading to bigger nickel particles when the catalyst reached the growth
temperature. Literature reports have unanimously on the direct relationship between the carbon
nanofibers or nanotubes diameter and the metal particle size acting as growth catalyst regardless the
growth mechanism, i.e. tip- or base-growth [67, 68]. According to the literature reports, such difference
in terms of nickel particlesfor the subsequence growth of the CNFsis expected to be at the origin of the
large difference in terms of the CNFs diameter between the two heating modes. The catalyst particle size
has also a significant influence on the CNFs growth rate and thus, the CNFsyield. It has been reported
that the carbon growth rate is faster on small catalyst particle compared to the bigger ones which could
be attributed to the fast diffusion of dissociated carbon through the small growth metal particle. In
addition, it isworthy to note that under JH the CNFs were in a grumbled morphology wrapping around
the GF substrate whereas under IH, the CNFs seem to growth in a perpendicular direction with respect
to the axis of the GF substrate. Such phenomenon could be attributed to some influence of the magnetic
field on the Ni growth center and orientation. Work will be carried out to get more insight about such
phenomenon.

Digital photos of the reactor after the CVD synthesis by inductive or Joule heating carried out at
700°C, are presented in Figure 3 Fi and ii. The results clearly indicate the absence of thermal de-
composition organic compounds on the reactor wall with inductive heating as the wall remains
transparent after the synthesis. Such results are expected taken into account that only the catalyst is keep
at the reaction temperature while the reactor wall and the gas phase leaving the catalytic zone remain at
much lower temperature which prevent thermal decomposition of the intermediate products to make
carbonaceous residues similarly to the results reported by Santamaria and co-workers under microwave
process [69]. On the other hand, the reactor wall with Joule heating displays the presence of dark brown
compounds (Figure 3Fi) which are originated from non-catalytic therma decomposition of the carbon
precursor or intermediate product through secondary reactions on the hot wall of the reactor. Such
thermal decomposition is aso at the origin of the formation of some amorphous carbon on the final
materia during the cooling process and also of the heavy hydrocarbon residues at the exit of the reactor
which render the recycling of the reaction feed difficult. The effluent containing heavy hydrocarbons
also needsto be treated before releasing it into atmosphere.
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Figure 3. (A) Comparison for CNFsyield and SSA of the CNF@GF composites synthesized under
inductive (IH, left side) and conventiona Joule heating (JH, right side) on the Ni @GF catalyst as a
function of the synthesis temperature with aduration of 2 h. At 620°C almost no CNFs growth was
observed under JH mode. (B-E) Carbon nanofibers morphology obtained at 700°C during 2 h under
conventional Joule (B, C) and induction (D, E) heating. (Fi-Fi;) Digital photos of the reactor wall after
the CVD process using inductive and Joule heating at 700°C showing the compl ete absence of any
carbon-based compounds on the reactor wall compared to that using Joule heating
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The SEM micrographs of the CNF@CF composites synthesized at different temperatures and under
IH mode are displayed in Figure 4. At the synthesis temperature of 620 and 650°C a homogeneous layer
of CNFs was observed on the whole surface of the carbon microfilamentous (Figure 4A and B).
However, at such low synthesis temperature the CNFs network is inhomogeneous and part of the GF
remains uncovered as shown in Figure 4A and B. At higher synthesis temperature, i.e. 680 and 700°C,
the layer of CNFs becomes much dense with a crumbled morphology as shown in Figure 4E and H
which could be at the origin of the low SSA. The low SSA of the composites synthesized at high
temperature could be attributed to the fast growing of the CNFs leading to a CNFs layer with high
apparent density which bonded together to form a structure with lower accessibility. It is aso worthy to
note that at synthesis temperature of 680 and 700°C, some carbon nanoparticles were also observed
alongside with the CNFs network, and could be attributed to the fact that at higher synthesistemperature
the hydrocarbon gets faster decomposition to form large amount of carbon species on the catalyst
particles leading to the formation of such carbon nanoparticles. Such carbon nanoparticles would also
contribute to the lowering of the final surface area of the composites. It is also worthy to note that under
IH mode the diameter of the as-synthesized CNFs remains small compared to that observed under JH
mode. Such phenomenon could be directly linked with the problem of sintering of the metal growth
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Flgure 4 SEM micrographs ShOWI ng the coverage and morphol ogy of the CNF in

the CNF@CF composites synthesized under inductive heating as a function of the reaction

temperature with amixture of CoHe:H2 (50 mL:75 mL. minY) for 2 h. (A, B) 620°C,
(C, D) 650°C, (E, F) 680°C, and (G, H) 700°C

SEM micrographs with medium resolution confirm the homogeneous diameter of the CNFs
generated under IH mode (Figure 5). Such results could be explained by the relatively high Ni NPs
dispersion on the growth catalyst according to the TEM results. In addition, the high heating rate applied
to the catalyst under IH mode could also prevents the sintering of the metal particles compared to the JH
mode where the set temperature was reached with longer time which could cause some sintering of the
growth catalyst as discussed above.

R lw,};

!”-

& 47 Ge 8
t‘}a \ ‘f; ..j

ﬁ'v* .f ‘?'4\

’r % ' ﬁ:“:- -

, =)\ :
Flgure 5. SEM mlcrographs of the CN Fs synthesi zed at 620 and 650°C under direct IH
mode showing the homogeneous distribution of the CNFs with relatively small diameter

The defective nature of the as-synthesized CNFs by inductive heating is investigated by means of
the Raman spectroscopy and the results are presented in Figure 6. The Ip/lg ratio of the composites
increases with the CNFs loading which could be directly attributed to the generation of more defects
inside the samples (Figure 6A). The carbon nanofibers growth from inductive heating is also more
defective than the same growths from Joule heating according to the Raman results in Figure 6B. Such
results could be explained by the growth rate of the CNFs according to the heating mode which induces
different microstructures with various defects. In the report of Page et al. [70] it has been reported that
the number of Cs, Cs and Cv rings created during the growth strongly depends on the carbon precursor
decomposition rate. The fast decomposition rate leadsto afast growth of single-walled CNTswhich also
contains a higher number of defects. On the other hand, a slow decomposition rate allows the catalyst
particle to reorganize and thus, large amount of Cs ring is obtained leading to the formation of carbon
nanotubes with lower defects.
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XPS analysis indicated the presence of oxygenated functional groups on the surface of the as-
synthesized CNF@GF composites upon air exposure at room-temperature (Figure 6C and D). Such
oxygen decorated surface could be generated through exchange reaction between the H-bonding defect
and oxygen in air and is expected to be localized on the defective sites of the carbon prismatic planes of
the CNF. According to the XPS survey spectra in Figure 6C the relative amount of the oxygenated
functional groups, i.e. O1s, in the CNF@GF composite, synthesized under IH mode, is much higher than
that obtained in the one synthesized under JH mode. The O1s peak intensity of the CNF@GF composite
from IH is as high as the one issued from the CV D using ethanol as carbon source where higher oxygen

partial pressure was present.
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Figure 6. (A) Raman spectra of the CNFs/CF composites as a function of the synthesis temperature
using inductive heating mode. The synthesis duration was kept for 2 h. (B) Raman spectra of the
CNFs/CF composites obtained at 700°C and 2 h with inductive (IH) and conventional Joule heating
(CF) modes. (C) XPS survey spectra of the CNF@GF composites synthesized with a mixture of
C2He/H2 under IH and JH mode, and the one synthesized with ethanol under JH mode. (D) XPS C1s
spectrum of the CNF@GF synthesized under IH showing the presence of C-O and C=0 species

The CNF formed al so leads to a significant improvement in terms of mechanical strength of the fina

composite compared to the pristine GF as evidenced by the digital photos in Figure 7A and B. The
CNF@GF composite displays no apparent deformation under aweight of 100 g of load deposited on it
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top whereas the pristine CF was already deformed under aweight twenty times lower. Such mechanical
improvement is attributed to the generation of interconnected bridges, constituted by the high aspect
ratio CNF, between the adjacent GF filamentous which link the composite structure as already been
reported in our previous work [62] and also highlighted by the SEM micrographsin Figure 7C and D. It
is expected that such mechanical improvement will be of great interest for the downstream applications,
especially as support for heterogeneous catalysis where high mechanical strength is one of the
prerequisites.

100 mg

Figure7. (, B)M echanical strength improvt between the pristine GF substan the
fina CNF@GF composite. (C, D) SEM micrographs of the bridging of the microfilaments
by the CNF network (indicated by arrows)

3.2 Optimization growth of CNF under inductive heating

The results reported above have shown that the synthesis temperature of 650°C leads to the
production of medium CNF yield along with the highest SSA. In this section the influence of the
synthesis duration on the CNF yield and the composite SSA will be investigated at 650°C. First, the
influence of the CoHe-to-H2 volume ratio was investigated keeping the synthesis temperature at 650°C
and duration of 2 h (Figure 8A). Increasing the C2He-to-H2 volume ratio leads to a significant increase
of the CNF yield as higher carbon source was passed over the catalyst per time unit. However, when the
C2He-to-H2 volume ratio was increased from 0.67 to 1, a decrease of the SSA was observed, i.e. 73 m?,
g*to64 m?. g Such results could be attributed to the fact that at high C2Hs concentration the formation
of some amorphous carbon with low SSA could occurred leading to alower SSA for the final composite.
The fast growth rate could also have led to a higher entanglement of the CNFs network with reduced
accessibility and thus, contributing to a decrease of the SSA of the sample.

For the influence of the synthesis duration the C2Hs-to-Hz2 volume ratio of 0.67 was chosen.
According to the results, the increase of the synthesis duration, keeping the synthesis temperature at
650°C, leads to a continuous increase of the CNFs yield and SSA of the composites (Figure 8B). The
results clearly indicate that the loss of the SSA for the sample synthesized at 700°C observed in Figure
3A is mainly due to the change of the size of the growth catalyst on the CNFs properties at higher
synthesis temperature and not directly linked to the CNF yield. It is expected that higher synthesis
temperature could have led to the formation of CNF with bigger diameter, due to some sintering of the
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nickel nanoparticles, as well as CNF with lower structural defect density which leads to a decrease of
the overall SSA of the composites. For the CVD synthesis at 650°C under IH mode, the SSA of thefina
composite after 4 h reaction is amounted to ca. 130 m?/g, taken into account the low SSA of the carbon
felt support, i.e. 4 m?. g. Such value is among the highest SSA values for such hierarchical composites
reported up until now in the literature [53]. It is expected that low temperature synthesis leads to the
formation of CNF with homogeneous diameter (see SEM discussion below) along with relatively high
structural defects which encounter for such high SSA. However, for a synthesis duration of 4 h the
experimental CNF yield measured was dlightly lower compared to the theoretical one determined by
extrapolating the date obtained at 1, 2 and 3 h of synthesis, i.e. 116 wt.% instead of 128 wt.%. Theresults
obtained alow one to tune in a relatively precise way the fina characteristics of the CNF@GF
composite, i.e. SSA or CNF yield, as afunction of the downstream application.
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Figure 8. (A) CNF yield and associated SSA of the CNF@CF composites at 650°C for 2 h asa
function of the C>Hs to H> ratio using inductive heating mode. (B) CNF yield and associated SSA of
the CNF@CF composites at 650°C and with a CoHe-to-H2 ratio of 0.67 as afunction of the synthesis

duration using inductive heating mode

TEM analysis was also used to characterize the microstructure of the as-synthesized CNF, at 650°C,
and the results are displayed in Figure 9. The CNFs synthesized at 650°C display a relatively
homogeneous diameter (as observed by SEM) and are consisted with a high proportion of small CNF
with diameter centered between 50 to 80 nm (Figure 9A and B). Some larger CNF with diameter of ca.
> 100 nm are also observed among the sample which could be originated from some large Ni particles
present in the catalyst.

These results confirm that CVD synthesis at 650°C favors the formation of small and high aspect
ratio CNF with high SSA and exposure surface area which could be suitable for catalytic applications.
Such results a so highlight the efficiency of inductive heating to provide homogeneous and targeted heat
to maintain the catalyst at almost isothermal temperature for the synthesis of CNFs at relatively low
temperature compared to traditional Joule heating technique where the catalyst temperature maintaining
remains problematic.

Statistical TEM analysis indicates the lack of Ni particle on the tip of the formed CNFs which
confirms the high efficiency of the post-synthesis acid washing to remove the growth catalyst (Figure
9A and B). However, statistical TEM analysis reveals the presence of some nickel nanoparticles
encapsul ated within graphene layers which are not accessible to the acid and thus, remain inside the final
composite (Figure 9C and D). Similar results have aready been reported by several groups working in
thefield [71-73]. However, it isworthy to note that such residual growth catalyst is more often observed
in the case of CNTs than CNFs. Such residual metal particles should not have any influence in the
downstream catalytic applications as they are completely embedded under several graphene layers and
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thus, remain inaccessible to the reactant. It is worthy to note that such encapsulated metal-carbon
nanoparticles were observed more frequently in the sample synthesized at 700°C (not shown) and could
be attributed to the high rate of carbon decomposition on the Ni surface which resultsin an encapsulation
of the growth catalyst. Such TEM analysis thus confirms the fact that at high synthesis temperature high
proportion of large diameter CNF and encapsulated metal -carbon particles are generated which display
low SSA. High-resolution TEM micrograph (Figure 9D) aso clearly shows the presence of graphitic
planes arranged in a fishbone structure (indicated by arrows) along the growth axis of the CNF. It isaso
worthy to note that no amorphous carbon layer is observed on the topmost surface of the CNFs
synthesized under IH mode whereas the CNFs synthesized under JH always display a thin layer of
amorphous carbon on its topmost surface which is due to the secondary decomposition of the carbon
source during the cooling step where amorphous carbon was preferentially formed atop of the CNFs
surface. Such results could be explained by the high cooling rate of the CVD process under IH mode
which reduces the deposition of amorphous carbon during the cooling step.

In order to verify if any small Ni NPs are present in the washed sample STEM-EELS analysis was
also carried out on the sample. The spectra presented in Figure 9E to G confirm the high purity of the
CNFs as no Ni NPs were detected in the analyzed sample, except some scarcely encapsulated metal
particles as discussed above, and only carbon and oxygen (oxygenated functional groups decorated the
prismatic planes of the CNF) elements were observed.
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Figure 9. (A-C) TEM micrographs of the CNFs synthesized by inductive heating showing thetip
growth mechanism with Ni particle located on the tip of the CNF. (D) High resolution TEM
micrograph showing the fishbone-like structure of the CNF along the growth axis and the lack
of amorphous carbon layer on the outer surface (indicated by arrows) (E-G) STEM-EEL S micrographs
showing the presence of carbon and oxygen elements.

4. Conclusions

In summary, inductive heating seemsto be an appropriate technique for the CV D synthesis of carbon
nanofiberswith ahigh yield and with acompl ete absence of secondary toxic organic compounds, formed
through side reaction in the high temperature gas-phase or through decomposition on the hot wall of
reactor as encountered with traditional Joule heating mode. The improved CNFs yield was attributed to
the reaction temperature accuracy, targeted exclusively to the catalyst, provided by inductive heating as
no heat loss was expected compared to the Joule heating where a large part of the heat input has been
lost due to heat transfer between the setup elements and also by the flue gas. Dueto al the heat loss, and
especially through the solid-gas phase exchange, and aso to the high inertia of the electrical oven to
compensate/maintain the reaction temperature, it is expected that the surface temperature of the catalyst
heated by Joule heating mode is lower than that fixed by the oven which could explain the large
difference in terms of CNF yield between the two heating mode. The local heating of the nickel
nanoparticles by the electromagnetic field could also contribute to the production of the CNFs. The
results obtained indicate that inductive heating mode could be of great interest for improving the heat
transfer in catalytic processes and also to reduce the problem of gradient temperature occurring inside
the catalyst bed during the operating of highly exothermic or endothermic processes. It is expected that
such electricity-driven heating mode could have contributed in an efficient way toward the el ectrification
of different catalytic processes in order to reduce the associated carbon footprint. Work is ongoing to
evauate the inductive heating mode in a highly exothermic or endothermic reaction where rapid
heating/cooling rate could be useful for the temperature management inside the reactor and to avoid
local hot/cold spot formation which could be detrimental for operating catalytic processes.
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