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Abstract

This work explores the preparation of graphene-related materials (GRMs) grown
on stainless steel foams via catalytic decomposition of methane (CDM). The main
active phases for the reaction are the Fe nanoparticles segregated from the stainless-steel
after the activation stage of the foam. The effect of the feed composition and reaction
temperature has been studied in order to maximize the productivity, stability and
selectivity to GRMs. The maximum productivity attained was 0.116 gc/gfoam'h operating
at 950 °C with a feed ratio of CH4/H2=3 (42.9 %CHa4:14.3 %H2). The carbonaceous
nanomaterials (CNMs) obtained were characterized by X-Ray diffraction, Raman
spectroscopy and by transmission and scanning electron microscopy. The parameters of
the kinetic model developed are directly related to the relevant stages of the process,
including carburization, diffusion-precipitation and deactivation-regeneration. The
balance among these sequential stages determines the overall performance of the
activated foam. In conditions of rapid carburization of the Fe NPs (pcus>14%), the
productivity to CNMs is favoured, avoiding an initial deactivation of the active sites by
fouling with amorphous carbon. After a rapid carburization, the selectivity to the
different CNMs is governed by the ratio CH4/H2, and mainly by the temperature. Thus,
the formation of GRMs, mainly Few Layer Graphene (FLG) and even graphene, is
favoured at temperatures above 900 °C. At lower temperatures, carbon nanotubes are

formed.
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1. Introduction

During the last years, the production of carbonaceous nanomaterials (CNMs),
such as nanotubes (CNTs), nanofibers (CNFs), Graphene-Related Materials, graphite
nanolayers, graphene nanoflakes, etc. is receiving a continuous industrial and scientific
interest due to their extraordinary physical and chemical properties [1,2]. For these
reasons, the use of carbonaceous nanomaterials is being intensively studied for a large
number of potential applications such as electronics, sensors, photonics, biochemistry,
energy storage, catalysts, etc. [3,4,5,6,7,8]. Regarding the application of these materials
as catalyst, the carbonaceous nanomaterials can be used as catalyst supports, or even as
catalysts themselves, in a wide range of processes [9,10]. However, the practical use of
these catalysts in powered form presents important disadvantages. For example, large
pressure drops or the necessity of a complex filtration and separation stage increase the

capital investment, and hamper its industrial application [11].

A solution to avoid these operational problems is the use of structured catalysts as
monoliths, foams or membranes, because the mass and heat transfer rates in these type
of devices is significantly enhanced [12,13,14,15,16], and moreover the pressure drop

is decreased, especially in the case of open foams [17,18].

Besides, the costly and time-consuming filtration process after reaction is avoided,
and the catalyst remains dispersed ensuring the accessibility to reactants [ 19]. However,
a typical drawback of the structured reactors is that the active catalytic phase must be
deposited over the external surface of the substrate. The method commonly used to
carry out this stage is the washcoating of the substrate with a slurry containing the
catalytic material. This step requires careful attention for complex geometries, as foams
or cloths. For this reasons, it is quite difficult to produce long term stable and
reproducible coatings [12,16,20,21,22]. In order to overcome these problems, direct
growth of the carbonaceous nanomaterials over metallic substrates takes advantage of

the catalytic behaviour of their intrinsic components [23,24,25,26].

Among the current available technologies to produce CNMs, the catalytic

chemical vapour decomposition (CCVD) of hydrocarbons (or CO) is considered an



attractive method due to its low-cost and easy scalability for mass production
[27,28,29]. In this technique, transition metal catalyst nanoparticles are exposed to a
gaseous carbon source, commonly a light hydrocarbon (e.g., CH4, C2H2, C2Ha4), at
elevated temperatures (600-1200° C). It is decomposed into carbon atoms, which diffuse
through the metal nanoparticles, and precipitate forming the carbonaceous nanomaterial.
The growth of the carbonaceous material continues as long as the nanoparticles have
active sites available on their surface for the hydrocarbon adsorption and
decomposition, and there is a positive driving force for the migration and precipitation
of the carbon atoms [30,31,32]. The most commonly used active metals for the
hydrocarbon decomposition are Fe, Co and Ni, because of their high carbon solubility
and high carbon diffusion rate at the usual reaction temperature [33]. In addition, other
metals such as Cu, Pt, Pd, Mn, Mo, Cr, Sn, Au, Mg, Al have also been used in this
process, in order to modulate the carbon diffusivity and the final structure of the CNM
produced [34,35,36,37]. Later, the separation and purification stages will determine the

final structure and therefore the real applications in which these nanomaterials can be

used.

Separately to the development of new applications, our goal is the maximization
of the productivity and selectivity of CNMs growth process using structured metallic
substrates. Stainless steel presents high content in Fe (and also Ni), which makes it a
quite appropriate candidate to be used as catalytic material for this purpose avoiding the
need to deposit pre-shaped metal nanoparticles [38,39]. Once the substrate is selected,
the aim is to optimize the formation of hybrid systems, composed by CNMs grown over
structured metallic devices for their use, for example, as reactors in liquid-phase
reactions (e.g. elimination of contaminants from wastewater, liquid phase

hydrogenation, etc.).

The productivity, the type and the quality of the CNMs formed have been
determined. Knowledge the reaction mechanism is crucial to properly control of the
production of the CNMs. Based on this mechanism, our group has been working on the
modelling of the kinetics of growth of CNMs, [31,32,33,40,41,42] in order to quantify
the influence of the reaction temperature and feed composition on the rate of carbon

formation in the context of the reaction mechanism.



On the other side, given that methane is the hydrocarbon with the highest H/C
ratio, during their decomposition, the amount of hydrogen coproduced is the highest
possible in comparison with other compounds. This fact supposes a clear advantage to
easily integrate this process on the hydrogen economy roadmap. In addition, although
nowadays the main origin of methane is still from fossil resources, the development of
renewables routes for the production of biomethane (e.g. biogas from anaerobic

fermentation of biomass and solid residues) is opening the sustainability of this process

[43].

In a previous work [44], we studied the effect of the oxidation-reduction
(activation) stage of a stainless steel foam, determining the optimal activation
conditions. In this work, the influence of the reaction temperature and feed composition
during the catalytic decomposition of methane (CDM) over stainless steel foams has
been studied in order to maximize the productivity, stability and selectivity to the so-
called Graphene Related Materials (GRMs). With the aim of specifically study the
intrinsic kinetics of the material that forms the foam, stainless steel-AISI 316L, we have
milled the foam to discount the effect of the complex hydrodynamics developed inside
the channels. This result will be completed with the corresponding experiments using
the unmodified foam in order to have the complete description of the catalytic

performance of the foam.
2. Experimental
2.1 Catalytic decomposition of methane

The stainless steel foam used (AISI 316L) was supplied by Goodfellow®
(www.goodfellow.com, ref: FE243825). First, the foam was cut in 10 mm x10 mm
pieces to be placed inside a fixed bed reactor. Then, the samples were oxidized at 900
°C under 350 N mL/min of air and 350 N mL/min of N2. After this step, the foams were
reduced in the same reactor at 900 °C using a flowrate of 700 NmL/min of a 50/50
mixture of Hz/N2. The treated foams were cooled to room temperature in an inert
atmosphere. Finally, the samples were milled with an agate mortar and sieved to obtain
a homogeneous particle size distribution. The range of size selected of the powdered
particles of grinded was 80-140 micrometres to avoid internal diffusional restrictions.
This stage is carried out in order to obtain the intrinsic reactivity of the stainless steel,

avoiding the influence of the complex hydrodynamic flows developed inside the



channels of the foam, coupled with the external mass transfer limitations. The
performance of the entire structure of the foams in this reaction will be studied in future

works, allowing to know the effects of the above mentioned phenomena.

The reaction was carried out at atmospheric pressure in a CI Precision’s

Thermogravimetric Analysis equipment (https:/www.ciprecision.com/) operated as a

differential reactor (i.e. methane conversions less than 5%), and equipped with mass
flow and temperature controllers. This experimental system allows continuous
recording of the variations of sample weight and temperature during reaction. The
reaction conditions were as follows: sample weight: 200 mg; total flow-rate: 700 N
mL/min.; temperature range: 800-950 °C; feed composition range: %CHa4: from 3.6% to
42.9%, %Ha: from 0% to 42.9% and N2 until balance. After reaction, the sample is
cooled down under H2/N2 atmosphere (50/50) till attaining 100 °C, and the final step till
room temperature using only nitrogen. The samples are stored at room temperature

under N2 atmosphere, till their characterization.
2.2 Stainless steel foam and carbonaceous nanomaterials characterization

The bulk chemical composition of the foam was measured by atomic absorption

in a VARIAN spectrophotometer (model SPECTRAA 110).

The X-ray diffraction (XRD) patterns were recorded within the range of 10-90°
(20) with a Rigaku D/Max 2500 apparatus operated at 3.2 kW (40 kV, 80 mA) and with

a rotatory anode of Cu using Cu K radiation.

Transmission electron microscopy (TEM) micrograph images were recorded in a
FEI Tecnai T-20 microscope, operated at 200 kV. Scanning electron microscopy (SEM)
micrograph images were captured in a FEI Inspect F50 microscope, operated at 10 kV.
The carbonaceous nature of the materials formed during the reaction was characterized
by Raman spectroscopy using a WiTec Alpha300 Confocal Raman Microscope, with a

532 nm laser excitation beam.
2.3 Kinetic modelling of carbonaceous nanomaterials growth

As it has been mentioned above, the influence of the operating conditions on the
CNMs growth kinetics was previously studied in previous works [31,32,33,41,42,44].

Briefly, for the present case, the kinetic model considers the following main steps: 1)


https://www.ciprecision.com/

adsorption and decomposition of CH4 molecules on the metal nanoparticles segregated
during the activation stage to the external surface of the stainless steel substrate [44,45];
i) formation of a metastable metallic carbide which decomposes into carbon atoms at
the metal carbide-metal nanoparticle interface; iii) diffusion of these carbon atoms
through the metal nanoparticle and subsequent carbon precipitation at the metal—support
interface; iv) formation and growth of the carbonaceous nanomaterial, whose nature
(e.g. nanotubes, nanofibers, graphite) depends on the operating conditions and on the
catalyst composition; v) carbon growth termination due to catalyst deactivation or by
the effect of steric hindrance of the nanomaterial grown. The kinetic parameters
involved on the CNMs growth were estimated from the curves of carbon concentration,
mc (gc/gfoam) vs. time, Figures 3a, 3b and 7, obtained at the different operating

conditions studied.
Kinetic model for carbon growth on stainless steel foams.

The kinetic model used in this study has been presented and discussed in previous
contributions of our group [32,33,42,44,45,46]. Here we present a brief description of
the application of the model to this specific case. According to the reaction mechanism
described above, in absence of any steric hindrance phenomena, the rate of carbon
formation over the activated foam is consequence of the following consecutive
phenomena: i) carburization of Fe nanoparticles, expressed in terms of degree of
carburization 6(?); ii) diffusion of the C atoms through the Fe nanoparticles, expressed
in terms of intrinsic rate of carbon formation, jcy, and iii) eventual deactivation of these
Fe nanoparticles, determined by the residual activity, a(f). The coupling of these

phenomena can be expressed as follows [32,42,46]:

rc(f)=(d;zc j, =(70), (0)-a(®) = jg, -05(1)-a(t) (1)

In this equation, rc (¢) represents the rate of carbon formation over the catalysts
and (rc)o(?) is the rate of carbon formation in absence of any deactivation phenomena
[32,46]. This rate varies along time due to the progressive carburization of the Fe
nanoparticles during the reaction. The term jco represents the intrinsic carbon growth
rate for the fresh catalyst, and it is directly related to the diffusion of the carbon atoms
leaved on the Fe NPs after the methane adsorption and decomposition over their

surface. The term fs (¢) is the degree of carburization of the surface of the metallic Fe



nanoparticles segregated on the foam surface after the activation step. Finally, the term
a(?) is the remaining catalyst activity of these Fe nanoparticles, defined as the ratio

between reaction rate at a given time and the reaction rate of the fresh catalyst.

In this mechanism of carbon formation, a key step is the formation of a metastable
surface carbide [47], which in the cyclic process of formation-decomposition introduces
the carbon atoms inside the metallic nanoparticles [47,48]. As a consequence of this
initial stage of surface carburization, there is a delay on the carbon growth responsible
of the appearance of a period of induction, in which the reaction rate is very low. This
period is characterized by the sigmoidal shape of the mc vs. time curves, see Figure 3
for example. In the present case, we have assumed that the carburization process
follows an autocatalytic kinetics, according to the following expressions [32,46]:

r, = dZS —p (14K -0,)-(1-0,) 0= 1:;{:":;(‘/’_0‘//2)0 "

Ve =y, (1+K;)

In the above equations, the term ws represents the intrinsic rate of carburization

and Ky is a parameter that modulates the autocatalytic effect of the carbide formed [32].

As regards to the catalyst deactivation, if the diffusion rate of C atoms is not high
enough, the accumulation of non-structured carbon over the surface of Fe NPs causes
the decrease in the number of accessible sites and therefore the activity decays.
Furthermore, in Figures 3a, 3b, and 7, it can be seen the presence of a residual reaction
rate at the end of the experiment. This residual activity is consequence of the partial
gasification of the carbonaceous deposits by the hydrogen generated during the reaction
[40,42]. Consequently, we have used the Deactivation Model with Residual Activity
(DMRA) [49,50,51,52] in order to take into account this experimental result. The

simplest case on the DMRA model can be expressed as follows [52]:

da Y, VY
-——=y,ra-y, (l-a) < a=—L+—"-exp(-y,t
dt Ve Vo (5 1) 3)

Ve =W, TVY,

In the above equation, the terms wu and y» are the intrinsic kinetic rates of

deactivation and regeneration respectively.



Finally, the combination of equations (1) to (3) allows the calculation of the
evolution along time of mass of carbon formed during the decomposition of methane.

The expression obtained is given by:

me = [UZeRve ) Wt (D) )

Ve (1+ K -exp(—y/ 1))

This equation requires numerical integration and contains five parameters, all of
them related to the main steps of the mechanism. Thus, jco is related with intrinsic rate
of diffusion of carbon atoms, ws and Ks are associated to the carburization step; and
wa and - are linked to the catalyst deactivation. These parameters can be estimated by
non-linear least-squares multivariable regression of the experimental mc vs. time data

presented in Figures 3 and 7. The objective function maximized is the Model Selection

Criterion (MSC) [53], defined as:

MSCzln(SSTj— 2P )
SSR) n,-p

Where the terms SS7 and SSR are the sum of squared totals and squared residuals,

calculated as follows:

)’Ip

SST = le(mc,exp _K,exp)z ; SSR= 2(mc,exp ~Me cal )2
i " (6)

)
mC,exp = ZmC,exp np

i=l1

In the above expressions p is the number of fitting parameters and 7, is the

number of experimental points of each curve.
3. Results and discussion
3.1 Stainless steel foam characterization before reaction.

The bulk composition of the stainless steel foam determined by atomic absorption
is presented in Table 1. As mentioned above, the presence of large amounts of Fe (ca.
70%) and Ni (ca. 10%) allows to the foam be used as a suitable catalyst to carry out the
reaction of methane decomposition. After activation, the surface analysis by SEM-EDX

of the foam confirms the enrichment on Fe, Cr and Ni of the surface, results not shown



here. Thus, the atomic composition of the main metals was: 76% of Fe, 10% of Cr and

5,3% of Ni. [45]

Figure 1 shows the SEM and TEM images of the stainless steel foam after
oxidation and reduction steps. As can be seen by SEM (Figure 1a), activation stages
cause some fractures and roughness in the stainless steel foam surface exposing the
active metallic nanoparticles. However, the surface area of the grinded foam is also less
than 1 m?/g, similar to the value measured for the original foam, hence the activation

and grinding steps do not modify this property.

In addition, TEM image (Figure 1b) shows large amount of metal nanoparticles
with high particle diameter (> 30nm), which a priori favours the formation of graphene-

related materials at high reaction temperatures [33].

Finally, Figure 2 shows the XRD patterns of the stainless steel foam after
oxidation and reduction steps, i.e. just before reaction. In addition, in this Figure are
included the XRD results after the several operating conditions studied. The pattern of
the sample before reaction, black line, indicates that the foam is mainly formed by iron
in metallic state (Code 01-080-3816), austenite phase (Code 00-033-0397) and mixed
oxides, mainly (Feo.6Cro.4)203 (Code 00-034-0412) and Fe2O3 (Code 00-039-1346). The

formation of these phases is consequence of the activation treatment of the foam before

reaction [54].
3.2 Catalytic decomposition of methane
3.2.1 Influence of the feed composition

The effect of the partial pressure of methane on the productivity and on the quality
of the graphene-related materials grown was further evaluated varying the methane
concentration from 3.6% to 42.9%, setting the hydrogen content at 14.3% (N2 as gas
balance, total flow rate 700 N mL/min). All the experiments were conducted at 950 °C
due to the activity and high selectivity towards the formation of graphene-related

materials (GRMs) of the stainless steel occurs at this elevated temperature [45].

The potential formation of soot by gas phase methane pyrolysis must always be
considered in this reaction. In order to evaluate the contribution of the non-catalytic

formation of carbon soot, we have made experiments using the bare Cu basket where



the sample is placed, and after 2 hours it was not observed any deposition of carbon at

all the reaction conditions used.

Figure 3a shows the carbon growth (left), and reaction rate (right) evolution over

time, at different partial pressures of methane. In addition, the curves (dashed red lines)

obtained after fitting with the kinetic growth model (Eqn. 4) are drawn in the figure.

The increase of methane content in the feed boosts the reaction rate increasing
almost linearly the average productivity of the sample, see Table 2. Thus, the increment
in methane concentration promotes the carburization of the exposed surface of the metal
nanoparticles, increasing the number of carbon atoms formed and dissolved in the NPs.
This fact favours the migration and finally the carbon precipitation at the metal-support
interface [33]. In this case, the maximum productivity, 0.115 gC/gfoam-h, was reached

using a feed composition of 42.9 %CHa4:14.3 %H2:42.9 %Nz, Table 2.

The evolution of the curves in figure 3 shows the presence of a maximum value of
the reaction rate, see Fig 3a right, which position and intensity depends on the operating
conditions. The initial period corresponds to an induction period where the values of
carbon concentration attained are keep quite low, see Fig 3a left. After the maximum,
the growth rate decreases continuously till attaining a residual value. The induction
period is clearly appreciated at concentrations of methane below 14% in this case. Thus,
for the experiment at 3.6% of CH4, the maximum rate appears at around 25 min of
reaction, attaining a value of 0.64-10-3 gC/gfoam.min and for the case of 7.1% of CHa,
the maximum rate obtained, at 8 min of reaction, is 1.94:10-3 gC/gfoam.min. At higher
methane concentrations, above 14%, the maximum rate already appears at the beginning
of the reaction and the induction period is not detectable. The appearance of an
induction period is a direct consequence of the existence of the initial carburization
stage, so that the slower the carburization stage, the longer the induction period. On the
contrary, a rapid carburization favours the CNMs growth, increasing the reaction rate.
According to proposed model, eqn. 2, the kinetics of the carburization stage is

determined by the parameters s and Ks[32].

On the other side, after the point of maximum reaction rate, the observed decay of
the foam activity can be attributed to the combination of several complex factors
including the fouling of the metal nanoparticles surface with amorphous coke, the

decreasing of the CHa diffusivity through graphite nanolayers covering the

10



nanoparticles and the reconstruction and sintering of the metal nanoparticles [42]. All of
these factors will affect the deactivation parameters of the DMRA. The residual rate

observed is consequence of the partial regeneration of the fouled metallic NPs with the

hydrogen present at the reaction.

Table 2 shows the dependence of the kinetic parameters with respect to the partial
pressure of methane in the feed. The fitting obtained in all cases studied was excellent,
as indicate the high values of the Model Selection Criterion (MSC > 6.6), of the
Coefficient of Correlation (R?>0.999), and the low standard error determined for each
parameter. As expected, the increase in the methane partial pressure enhances the
intrinsic rate of carbon formation, given by jco. At high methane concentrations there
are more carbon atoms available at the surface, and therefore the carbon flux is
enhanced, rising the carbon productivity of the foam. In addition, the parameter s
increases with the partial pressure of methane, meanwhile the parameter Ks decreases.
The combined variation of Ks and ws when the partial pressure of methane increases,
explains the reduction of the initial induction period observed, Fig. 3a, disappearing at
%CH4 higher than 14.3%. Above this critical concentration of methane, the
carburization step is very fast, and it can be assumed that the degree of carburization of

the metallic NPs, eqn. 2, is equal to 1 already from the beginning of the reaction.

Additionally, another interesting result is that the deactivation pattern of the
catalytic material is different at each side of the critical value. At low partial pressures
of methane, a low formation of carbon is observed. In these conditions, the
carburization step is slow favouring the formation of fouling carbon, which avoid the
adsorption and decomposition of the molecules of methane, and consequently the
subsequent diffusion-precipitation step. On the contrary, at %CHa4 above 14%, the rates
of carbon formation are higher and the deactivation is less intense, Fig. 3a. In this
situation, the diffusion-precipitation of the carbon atoms occurs before the total fouling
of the metallic nanoparticles, attaining higher reaction rates. The calculated values of
the parameters ys and y,, presented in Table 2 are in agreement with the above
discussion. Thus, the higher productivity attained at %CH4 above 14% is consequence
of the combination of a very quick carburization (low Ks and high ys), which favours

the diffusion-precipitation rate (high jco), and a good balance of the ya/y»ratio.
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Figure 2a shows the XRD acquired after reaction at 950 °C for the different partial
pressures of methane studied. The main phases detected in these conditions are carbon
(Code 00-041-1487), austenite (Code 00-033-0397) and Fe3;C (Code 00-034-0001),
disappearing the metallic Fe phase present before reaction. In addition, the relative
intensities of the carbon and the austenite phases increase with the partial pressure of
methane. These results are in agreement with the proposed mechanism of carbon
formation, which assumes that an increase in methane concentration favours the

carburization of the Fe NPs, increasing the number of carbon atoms dissolved in them,

favouring the carbon diffusion-precipitation at the metal-support interface [33].

The effect of the methane partial pressure on the quality of the CNMs grown was
studied by Raman spectroscopy and the results are shown in Figure 4a. The spectra
obtained show the typical bands associated to the carbonaceous nanomaterials, which
are identified as D (~1350 cm—1), G (~1580 cm—1), and 2D (~2690 cm—1) bands. The
intensities ratio Ig/Ip was used as an estimation of the relative number of defects present
on the CNMs formed. Thus, an increase in Ic/Ip ratio means a loss of the C sp?
aromaticity in the graphitic C—C rings due to defects-induced C sp? hybridization [55].
This also implies a decrease in the in-plane crystallite size (Ls) of the carbonaceous
nanomaterials obtained [56]. On the other hand, the I2p/Ig ratio is associated to the

number of graphene layers presented on the graphenic-like material obtained
[57,58,59].

In this case, it is observed that the increment in the methane concentration causes
an increase in the intensity of the D band (Figure 4a) indicating the formation of more
defective amorphous carbon [33,42]. In addition, the values of I2p/IG obtained for partial
pressures of methane higher than 14% indicate that the CNMs grown are composed by
graphene-related materials, GRMs, of less than five graphene layers. In particular, for
the experiment at 14.3% of CH4 (CH4/H2=1), both the I2p/IG ratio equal to 2.29 and the

deconvolution of the 2D peak, see inset on Figure 4a, clearly indicate the presence of

monolayer and 2-layer graphene material [57,58].

Therefore, the carburization step plays a key role not only on the catalytic
performance of the segregated Fe NPs, but also and more relevant, on the quality of the
CNMs obtained. Thus, a rapid carburization favours the carbon productivity, the Fe NPs
stability and the selectivity to the formation of GRMs. On the contrary, a slow

12



carburization, allows the catalyst fouling, hindering the carbon diffusion and favouring

the formation of amorphous carbon.

Figure 5 shows the transmission electron microscopy images obtained for the
samples after reaction at different partial pressures of methane. In agreement with the
previous results, at %CH4 above 14%, Fig. 5 b, ¢ and d, the obtained CNMs were
mainly composed by graphene layers, graphene-related materials (GRMs) and graphite
nanoplatelets (GNPs) surrounding the metallic nanoparticles [33,60]. In agreement with
previous results [33,45,61], the formation of GRMs can be attributed to the exfoliation
of the GNPs forming unstructured carbon flakes that evolve to form graphene and Few
Layer Graphene (FLG). On the other hand, below the critical value of 14% of methane,
Fig. 5a, the production of carbonaceous nanomaterials is less selective to the formation
of graphenic materials, favouring the accumulation of a less structured carbonaceous

material, in agreement with the Raman and the kinetic results.

The effect of the partial pressure of hydrogen on the yield and the quality of the
carbonaceous nanomaterials grown was evaluated changing the hydrogen concentration
from 0% to 42.9%, maintaining the methane content at 14.3% (N2 as gas balance, total

flow rate 700 N mL/min) and the reaction temperature at 950 °C. At this %CH4 were
obtained GRMs with the best 16/Ip ratio, Figure 4.

Figure 3b shows the experimental and fitted curves of the evolution along time of
carbon content (left) and reaction rate (right) at different %H>. In this case, on the
interval studied, the influence of the hydrogen concentration on the feed is less
important than that observed for the methane, Fig. 3a, and the average productivity
obtained in all the cases is between 0.062 and 0.077 gC/gfoam.min, see Table 3. In any
case, hydrogen molecules also play a multiple role in the reaction mechanism. Thus,
hydrogen competes with methane for the active site on the bare surface of the Fe NPs, it
is also able to gasify part of the amorphous carbon formed on the metallic surface,
recovering part of the activity of the Fe NPs rate [33,42,45]. Therefore, the dynamics of
the carburization stage is also tuned by the hydrogen content. In this regard, in figure 3b
(right) it can be seen that the maximum reaction rate, which determines the duration of
the induction period, is affected by the %H2. At higher hydrogen contents, the duration
of the induction period is larger and the maximum reaction rate decreases. In these

conditions of a hydrogen enriched atmosphere, the competence of H> with the CH4
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molecules slows dawn the carburization step and therefore the reaction rate and also the

deactivation rate [33].

Regarding the application of the kinetic model, the fitting obtained again was
excellent in all cases as can be seen on Table 3. The evolution of the parameters with
the H2 content is in agreement with the previous discussion. The expansion of the
induction period with the %H:2 is explained by the model decreasing ys and increasing
Ks. In fact, the huge values of ws at low H: contents, Table 3, or at high CH4
concentrations, Table 2, indeed means that the carburization is very fast, and above of
certain value, it can be considered as instantaneous and the model can be simplified

assuming from the beginning of the reaction that &=1.

With respect to the influence of the partial pressure of hydrogen on the quality of
the CNMs grown, Raman spectra showed in Figure 4 indicate that for these selected
operating conditions, the materials obtained are mainly composed by graphene-related
materials (mainly 1-4 layers of graphene) [57,58]. In addition, it is observed that the
increment in the hydrogen concentration causes a slight augment in the intensity of the
D band, fact associated to the formation of shorter graphene-related materials that cause
an increase in the density of the edge defects, [33,60,61], as is confirmed by TEM,
Figure 6. In addition, the graphite nanolayers surrounding the metallic nanoparticles
was also detected by TEM characterization (not showed), in accordance with the

formation mechanism of these graphene-related materials.
3.2.2 Influence of the reaction temperature

The results showed in the previous section indicated that the productivity and type
of carbonaceous nanomaterial grown depends on the duration of the carburization step.
Temperature is an operational variable that has a great influence on diffusivity and
therefore on the reaction rate. The effect of the reaction temperature was evaluated in
the interval from 800 °C to 950 °C, using a feed gas composition of 14.3 %CH4:14.3
%H2:71.4 %N2. These operating conditions were selected in order to optimize the
selectivity to GRMs. Nevertheless, given that at these conditions the carburization step
is very rapid, the apparent activation energies calculated are related to the diffusion-
precipitation step, jco, and to deactivation-regeneration one, wz and ;. The values of s

and Ks are fixed according to previous results presented in Tables 2 and 3. However,
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further studies are being developed by our group in order to investigate with more detail

the effect of the reaction temperature on the carburization step.

The results of carbon concentration and reaction rate, including the model fittings,
are presented on Figure 7. As expected, the increase in reaction temperature, augments
the average productivity of the foam, and also the initial carbon growth rate [33,62].
The maximum carbon productivity, 0.066 gC/gfoam'h, is attained at 950°C. At high
temperatures, carbon diffusivity through the metallic nanoparticles is also boosted and
therefore the carbon precipitation rate at the metal-support interface is also improved.

However, the deactivation of the Fe NPs is also favoured at these conditions.

The evolution of the kinetic parameters shown in Table 4 is a direct consequence
of the above considerations. These values allow to calculate the apparent activation
energies for the relevant parameters in this case: jco, wd, wr, see Figure 8. These Eaapp
are 180 kJ/mol for jco, 144 kJ/mol for ws and 28 kJ/mol for ;. , which are in the
interval of the values published, 80-235 kJ/mol for jcy and 45-243 kJ/mol for wa
[33,42,45,56]. On the other hand, the Eu4qpp estimated for y, is indicating some
diffusional control on this step probably caused by the CMN formed at these conditions
[33].

The XRD patterns of the samples after reaction at temperatures increasing from
800 °C to 950 °C, Fig. 2b, show an increase of the Fe3;C and C signals and a decrease of
the FexO3, becoming this phase negligible above 900 °C. The formation of the iron
carbide phase is enhanced by the high rates of carburization and diffusion of the carbon
atoms attained at these conditions. The carbon precipitation rate at the metal-support

interface is also improved and therefore the productivity of the foam is favoured [33].

The effect of the reaction temperature on the quality of the CNMs grown was
studied by Raman spectroscopy and the results are shown in Figure 9. In this case, the
ratio I¢/Ip increases with the reaction temperature, which favours a lower presence of
defects on the CNMs obtained. Therefore, the crystallinity of the graphitic domains
present in these CNMs is higher at high temperatures. Interestingly, the 2D band
intensity became higher above 900 °C, revealing the transition in the nature of the
CNMs grown. The values of the [2p/Ig obtained above 900 °C (> 0.7) indicate that the
CNMs are mainly composed by graphene and Few-Layer Graphene materials (FLGs)

with less than five layers of graphene [57,58]. Transition electron microscopy results,
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shown in Figure 10, also confirms the change on the selectivity at around 900 °C. Thus,
below this temperature, Fig. 10a and 10b, CNTs are the more abundant forms, while
above 900 °C, the products observed are FLGs and even separate graphene layers. The
mechanism of formation of GRMs involves the exfoliation of flakes from the graphite

nanoplatelets formed in the conditions of high temperature, see Fig. 5d [33,45,61].

These results are in agreement with the results obtained by other authors using
these type of metallic substrates to synthetize graphene related materials by light
hydrocarbon decomposition at high temperatures. Thus. Ruammaitree et al, [63],
working with Stainless Steel foils (SS304) obtain good quality graphene related
materials by decomposition of methane at temperatures around 1000 °C. similar results,

has been also obtained with stainless steel substrate using other carbon sources instead
methane [64,65].

4. Conclusions

In this work, it has been obtained that the stainless steel foams are able to produce
selectively carbonaceous nanomaterials via catalytic decomposition of methane at
temperatures ranged from 800 to 950 °C. The main active phases for the reaction are the
Fe nanoparticles segregated from the stainless-steel after the activation (oxidation-
reduction) stage of the foam. The proper selection of feed composition and reaction
temperature allowed us to maximize the productivity, stability and selectivity to GRMs.

The maximum carbon productivity, 0.116 gc/gfoam-h was reached at 950 °C using a
CHa4/H2 ratio of 3/1 (42.9 %CHa4:14.3 %H2>).

The kinetic results indicate that the increase in reaction temperature, augments the
average productivity of the foam, and also the initial carbon growth rate. At high
temperatures, carbon diffusivity through the metallic nanoparticles is also boosted and
therefore the carbon precipitation rate at the metal-support interface is also improved.

However, the deactivation of the Fe nanoparticles is also favoured at these conditions.

The increase of methane content in the feed boosts the reaction rate increasing
almost linearly the average productivity of the sample. The higher carburization rates of
the exposed surface of the Fe nanoparticles attained increase the number of carbon

atoms dissolved in these NPs, favouring the migration and finally the carbon
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precipitation at the metal-support interface. The duration of the carburization step
determine the length of the initial induction period characterized by a low rate of carbon
formation, which is also affected by the hydrogen content. In a hydrogen rich
atmosphere, the competence of H> with the CHs molecules slows dawn the

carburization and consequently the reaction rat, but also the deactivation.

The carburization step plays a key role not only on the catalytic performance of
the segregated Fe nanoparticles, but also and more relevant, on the quality of the CNMs
obtained. Thus, a rapid carburization favours the carbon productivity, the Fe NPs
stability and the selectivity to the formation of GRMs. On the contrary, a slow
carburization, allows the catalyst fouling, hindering the carbon diffusion and favouring
the formation of amorphous carbon. The parameters of the kinetic model developed are
directly related to the relevant stages of the process. The balance among these sequential
stages determines the overall performance of the activated foam. In conditions of rapid
carburization of the Fe NPs (pcHs>14%), the productivity to CNMs is favoured,
avoiding an initial deactivation of the active sites by fouling with amorphous carbon.
After a rapid carburization, the selectivity to the different CNMs is governed by the
ratio CH4/H2, and mainly by the temperature. Thus, the formation of GRMs, mainly
graphene and Few Layer Graphene (FLG), is favoured at temperatures above 900 °C. At

lower temperatures, carbon nanotubes are formed.
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Table 1. Composition of the stainless steel AISI 316L foam by atomic absorption.

% Fe % Cr

% Ni

% Mn

% Mo

% C

70.4 13.6

10.8

1.44

n.d.

n.d.

Table 2. Effect of the partial pressure of methane over the kinetic parameters jco, Ks, s,

wd, and .
. A

% jo 103 Ks Ws-10? W10 wel? d;f;:’f't; 102
CH:  (gc/gfoam min) (—) (min™!) (min™!) (min) (@02 0am)
3.6 4.1£0.012 9.19+0.18 1.06+x0.02  5.28+0.06 0.09+0.001 1.62

7.1 5.4+0.011 5.29+0.05 6.21£0.02 9.81+0.01 0.21£0.001 2.24
14.3 5.1+0.014 0.0005 60340 9.25+0.04 1.68+0.001 6.57
28.6 5.8€0.012 0.0005 60340 7.05+0.09 1.16+0.01 7.69
42.9 8.5+0.013 0.0005 60340 5.66+0.02 0.71£0.003 11.52

Table 3. Effect of the partial pressure of hydrogen over the kinetic parameters jco, Ks, s,

wd, and .
A A e
(gc/8foam.h)
0 5.2+0.012 0.00003 60340 9.25+0.04  1.68+0.004 6.80
14.3 5.1+0.014 0.0005 60340 9.25+0.04  1.68+0.004 6.57
28.6 42.2+1.3 0.0019+0.098 4.07+0.17 14.77+0.19  0.36+0.01 7.71
42.9 8.840.20 5.562+0.923  12.02£0.85 14.77+0.19 1.46%0.02 6.20




Table 4. Effect of the reaction temperature over the kinetic parameters jco, Ks, s, wa, and

Wi
R R e
8C/2foam*min) () (min™) (min™) (min™') (/2 oam)
800 0.4+0.016 0.0005  603.0 1.26+0.01 1.06+0.02 1.65
850 1.1£0.013 0.0005  603.0 2.65+0.01 1.34+0.01 3.20
900 2.6£0.015 0.0005 603.4 4.79+0.01 1.2240.002 4.82
950 5.1+£0.012 0.0005 603.4 9.25+0.04 1.68+0.004 6.57

Figure captions

Figure 1. 2) SEM and b) TEM images of stainless steel foam after oxidation and reduction

stages.

Figure 2. XRD pattern of stainless steel foam after reaction. a) Influence of the partial
pressure of methane @ 950 °C, 14.3% Ha2, b) Influence of the reaction temperature
@14.3% CHa, 14.3% Hoa.

Figure 3. Evolution of carbon concentration (left) and growth rate (right) over time. a)
Influence of the partial pressure of methane @14.3% Ho2.b) Influence of the partial
pressure of hydrogen @14.3% CHa4. Reaction temperature: 950 °C. Dashed red line:
model fitting.

Figure 4. Raman spectra obtained after reaction at 950 °C. a) Influence of the partial
pressure of methane @14.3% H2.b) Influence of the partial pressure of hydrogen @14.3%
CHa4. Inset: Deconvolution of 2D peak of the sample prepared at 950 °C @14.3% CH4
and @14.3% Ho.

Figure 5. TEM images after reaction at 950 °C and 14.3% Ho>. Influence of the partial
pressure of methane. a) 7.1% CHa, b) 14.3% CHa4, c¢) 28.6% CHa4 and d) 42.9% CHa.

Figure 6. TEM images after reaction at 950 °C and 14.3% CHa. Influence of the partial
pressure of hydrogen. a) 0% Hz,b) 14.3% Haz, ¢) 42.9% Ho.



Figure 7. Evolution of carbon concentration (left) and growth rate (right) over time.
Influence of the reaction temperature. Feed composition: 14.3% CHa4, 14.3% H2, 71.4%
N2. Dashed red line: model fitting.

Figure 8. Arrhenius plot of the kinetic parameters jco, wa, and .

Figure 9. Raman spectra of stainless steel foam after reaction at different temperatures.

Feed composition: 14.3% CHa, 14.3% H2, 71.4% No>.

Figure 10. TEM images of stainless steel foam after reaction at a) 800 °C, b) 850 °C, ¢)
900 °C and d) 950 °C. Feed composition: 14.3% CHa, 14.3% H2, 71.4% No.
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