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Abstract

This work addresses the preparation and application of the synthesis of graphene in Ni-
Cu catalysts supported on carbonaceous materials. The catalysts have been prepared by
a biomorphic mineralization technique which involves the thermal decomposition,
under reductive atmosphere, of commercial cellulose previously impregnated with the
metallic precursors. The characterization results indicate that the preparation method
leads to the formation of carbonaceous supports with a moderate microporosity (ca.
33% pore volume) and adequate surface area (343 m?/g), maintaining the original
external texture. The catalytic performance of these materials was previously tested in
liquid phase reactions [11]. In order to extend the use of these catalysts, in this work we
present a study corresponding to a gas phase reaction: the synthesis of graphenic
nanomaterials by catalytic decomposition of methane (CDM). The influence of the
reaction temperature and of the feed composition (i.e. %CHs and %H,) has been
studied. The graphenic nanomaterials obtained after reaction were characterized by
nitrogen adsorption-desorption isotherms, Raman spectroscopy and transmission
electron microscopy (TEM). The results indicate that the carbonaceous nanomaterial
with the highest quality is obtained operating at 950 °C and feeding 28.6% of CH4 and
14.3% of H,. The evolution of the carbon mass during the reaction time was analysed
using a phenomenological kinetic model that takes into account the main stages
involved during the formation of carbonaceous nanomaterials (NCMs). The results
obtained from the kinetic model along with the characterization results enable the
influence of the operating variables on each stage of the carbonaceous nanomaterial

formation to be discerned.
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1. Introduction

Carbonaceous materials are widely used as catalysts [1] or catalytic supports [2,3] for a
large variety of chemical reactions due to their textural and chemical properties: large
surface area and porosity, good electrical conductivity, presence of a large variety of
surface functional groups and relative chemical inertness [4]. An advantage of
carbonaceous materials is that they can be prepared from renewable residual
lignocellulosic biomass [3]. In this context, it has been suggested [3] that the success of
processes derived from the biorefinery concept will require the design and preparation
of new types of multifunctional catalysts, probably derived from emerging
carbonaceous materials such as graphene (or graphene related materials), carbon
nanotubes and carbon monoliths. In this context, biomimetic mineralization is one of
the more interesting tools that uses the structures formed by a biological process, e.g.
wood and lignocellulosic biomass, as templates for the synthesis of inorganic functional
materials [5,6]. It offers the advantage of fabricating materials that are difficult to
produce by top-down methods and/or have chemical compositions which cannot be
produced by self-assembly [7,8]. Thus, considering that wood is a multifunctional
material structured on several levels of hierarchy, a large variety of ceramic
microstructured materials can be prepared using different lignocellulosic materials as
templates [9]. The preparation of these kinds of materials has been carried out by
thermal decomposition in a reducing (or inert) atmosphere, at high temperature and high
heating rates, of several lignocellulosic raw materials (e.g. cellulose, lignin, paper,
cotton, fibres, etc.) that can be previously impregnated with catalytic metallic precursors
[10]. Using this technique, it is possible in a single step to obtain catalysts formed by a
biomorphic carbonaceous (BC) support with the metallic nanoparticles dispersed on its
surface. This method of catalyst synthesis has outstanding versatility because it allows
the use of different lignocellulose raw materials with a large variety of compositions

and metal contents [11].

The catalytic decomposition of methane (CDM) can be used to obtain pure hydrogen
and, depending on the operating conditions selected, very high value-added

carbonaceous nanomaterials such as single or multi-wall carbon nanotubes or graphene



[12,13,14]. This process can be applied in the production of COy free hydrogen for use,
for example, in fuel cells, where the presence of CO is a poison for the electro-catalyst
[15]. In this work, we use the CDM process to study the feasibility of Me/BC catalysts
to synthesize specifically graphene and/or graphenic materials, such as few layer
graphene (FLG) [16,17]. Nowadays, graphene and graphenic nanomaterials are
attracting substantial research interest due to their exceptional properties such as high
electrical conductivity, good thermal stability and excellent mechanical strength [18].
Given these properties, the use of graphene is being intensively studied for a large
number of potential fields and applications such as electronics [19], photonics [20],
sensors [21], catalysts [22], energy storage [23], or the manufacture of composite

materials [24].

A key factor for the controlled production of graphene and graphenic nanomaterials is
to understand the formation mechanism. In recent years, our research group has
developed kinetic models to investigate the kinetics of growth of carbon nanotubes and
carbon nanofibers [25,26,27,28,29,30,31,32]. The phenomenological models developed
are based on the following steps: 1) hydrocarbon decomposition over the exposed
surface of the metallic nanoparticles dispersed on the support, ii) diffusion and
precipitation of carbon atoms along the metallic nanoparticles, iii) nanocarbonaceous
material growth, and iv) catalyst deactivation. These models have been successfully
applied to study the data obtained from different reactions using different carbon

sources and catalysts [25,27,31].

In this work, we present the results of graphene and FLG formation by the
decomposition of methane on a catalyst of Ni-Cu supported on Biomorphic Carbon. The
composition of the active phases, Ni-Cu, was chosen in order to combine the high
productivity of Ni based catalysts, due to the high carbon solubility in this metal [33],
and the excellent graphene quality obtained with Cu based catalyst resulting from the
low carbon solubility in this metal [28,34,35]. In order to optimize the CDM process,
the effect has been studied of the main operational conditions (reaction temperature,
feed composition and reaction time) on the growth rate and on the quality of the
graphenic nanomaterials obtained. Finally, the application of the kinetic model to
analyse the data obtained in a thermobalance is discussed in the context of the reaction

mechanism.



2. Experimental

2.1 Materials

The raw material used to prepare the biomorphic catalyst was cellulose provided by
Sigma Aldrich (ref: C6288). The metal precursors used were Ni (II) nitrate hexahydrate
supplied by Alfa Aesar (ref: 10816) and Cu (II) nitrate hydrate provided by Sigma
Aldrich (ref: 61194).

2.2 Catalysts preparation

For the preparation of the Ni-Cu/Biomorphic carbon catalyst, the cellulose was dried at
100 °C overnight and then impregnated by incipient wetness with the appropriate
amounts and concentrations of Ni and Cu aqueous solutions. After impregnation, the
solid was dried at 80 °C overnight and then thermally decomposed in a reducing
atmosphere (15% Hj, 85% N;) at 800 °C during 75 minutes. The decomposition
temperature was reached at a heating rate of 42 °C/min. Finally, the catalyst was milled
and sieved to obtain a homogeneous particle size distribution, ranging between 80 to

200 micrometres, and stored under N, atmosphere.
2.3 Catalytic decomposition of methane

The CDM reaction was carried out at atmospheric pressure in a thermobalance (CI
Electronics Ltd., UK, model MK2) operated as a differential reactor (i.e. methane
conversions less than 10%), 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: 25 mg; total flow-rate: 700 N mL/min.; temperature range: 850-975 °C;
feed composition range: %CHy: from 1.4% to 42.9%, %H,: from 0% to 28.6% and N,

until balance; reaction time: from 1 to 120 minutes.
2.4 Catalysts and carbonaceous nanomaterials characterization

The catalysts and carbonaceous nanomaterials were characterized in order to know their
textural and structural properties and the type of carbon structures formed (e.g.

graphene, few layer graphene (FLG), graphite, etc.). The thermogravimetric analyses in



air (TGA-Air) were carried out with a Mettler Toledo TGA/SDTA 851 analyser, using
50 mL/min. This technique allows the calculation of the amount of Ni and Cu deposited
on the biomorphic carbon support after the thermal decomposition of the cellulose.
After the combustion in the TGA-Air experiment the solid residue consists of NiO, CuO
and ashes. Knowing the initial amount of Ni and Cu, the final percentage of each
component can be calculated. This protocol was repeated three times with each
carbonaceous catalyst in order to determine the variability of this procedure. Specific
area and porosity were obtained from nitrogen adsorption—desorption isotherms at 77 K
using a TriStar 3000 instrument (Micromeritics Instrument Corp.). BET specific surface
areas were measured from the adsorption branches in the relative pressure range of
0.01-0.10. The micropore volume estimation was made by means of the Dubinin-

Radushkevich method [36].

The X-ray diffraction (XRD) patterns were recorded within the range of 5-90° (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. For the graphenic materials formed during the
reaction, the crystallite size along the c-axis, L., and the interlaminar distance, dy,, were
obtained from the (002) reflection at 26=26° of the XRD patterns [37]. From this value,
the number of graphene layers of each sample, n, was calculated as: n=(L.dp2)+1

[38,39].

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 catalyst support and 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.

3. Results and discussion
3.1 Characterization of fresh catalyst

The Ni-Cu/BC catalyst was prepared with nominal contents (wt. %) of 5% Ni and 1%
Cu regarding to the initial amount of cellulose. After preparation, the final amounts of

metal, calculated from the TGA-air data, were ca. 40% and 8% with in relation to the



final amount of biomorphic carbon formed. Replicated TGA measurements gave metal
composition values with variations of less than 3%, confirming the validity of this
procedure. Obviously, due to the loss of carbonaceous material during the thermal
decomposition stage, the weight percentages of Ni and Cu are substantially increased (8
times in this case) in the final catalysts. In fact, the thermal decomposition is a key
factor for controlling the final content and dispersion of the metal(s) on the surface of

the catalyst.

Figure 1 shows the N, adsorption/desorption isotherm for the Ni-Cu/BC catalyst.
According to the IUPAC classification, the isotherm corresponds to I- and II-types, with
a hysteresis loop of type H3 or H4 [40,41]. These types of hysteresis loops are
characteristic of disordered materials containing aggregates of plate-like particles
forming slit-shaped pores [41]. In addition, the adsorption/desorption results, shown in
Table 1, give a BET value of 343 m?*/g and 33% of micropore volume. Usually, the
percentage of the micropore volume in this kind of support is quite high (above 70%)
[11]. However, in this case, due to the large size of the metallic nanoparticles formed
(see TEM results in Figure 3b), a significant part of the micropores, about half, are

blocked and the resulting value is lower.

Figure 2 shows the XRD patterns of the Ni-Cu/BC. It is observed that the three peaks
appearing at 44.3°, 51.6° and 76.0° do not correspond to the metallic Ni or Cu patterns.
In addition, the Ni-Cu/BC pattern does not show any peak associated to the presence of
NiO or CuO, indicating that the catalyst is completely in the reduced state. According to
Wau et al. [42], the shift observed in the 20 value for these peaks can be attributed to the
formation of a Ni-Cu alloy. In fact, according to Vegard’s law [43], the peak observed
at 44.26° corresponds to a Ni-Cu alloy with an atomic ratio of Ni/Cu=1/6, consistent
with the nominal catalyst composition. On the other hand, in the case of the Ni-Cu/BC
sample before reaction, the absence of the peak at 26° corresponding to the (002)
diffraction of the graphitic structures [37,44] indicates that carbonaceous material
formed during the preparation of the catalyst is poorly crystalized and the presence of

any graphitic structure is not observed.

Figures 3a and 3b show respectively the SEM and TEM images of the fresh catalyst.
The macrostructure and smoothness characteristic of this kind of carbonized material

can be seen in Figure 3a [45]. Interestingly, some of the Ni-Cu particles are clearly



visible due to the large size attained by some of them during the preparation. The
microstructure of the catalyst observed in the SEM and TEM images in Figure 3
indicates that the metallic particles are spread all over the support. However, the size
distribution is quite heterogeneous, with some quite small particles (~ 5 nm) and others
very large (> 50 nm), resulting in a low dispersion of the active phase. The TEM image

also clearly shows the characteristic microporosity of the support.

The Raman result for the Ni-Cu/BC catalyst, see Figure 4, is characteristic of this type
of material [46], presenting two broad peaks at about 1350 cm™ (D band) and 1590 cm™
' (G band), these being the consequence of several contributions [46]. The characteristic
ratio Ig/Ip, related to the type and number of defects [47], obtained for this catalyst is
about 1.03, which is quite similar to those obtained for a Pd-Al/CB [11], indicating that
although some textural properties of the support are affected (e.g. microporosity), the

type of metal used has low influence on their structural features.
3.2 Characterization of carbonaceous nanomaterials grown

In order to know the effect of the reaction temperature, the feed composition and the
reaction time on the quality of the carbonaceous nanomaterials grown, the samples
obtained after each reaction test were analysed by nitrogen adsorption—desorption
isotherms at 77 K, Raman spectroscopy and transmission electron microscopy. In
addition, the amount of carbon produced was obtained directly from the thermobalance
measurements. With the aim of evaluating the catalytic activity of the support without
metal, repeated experiments at 950 °C, 28.6% CHi, 14.3% H, and 57.1% N, were
carried out. In all cases an almost negligible activity was found, as corresponds to the
low carbon formation observed (below 0.03 gC/gCat). In addition, the Raman, XRD
and TEM results (not shown) after these experiments confirm that there is neither
formation of appreciable amounts of carbon, nor substantial modification of the textural

and structural properties.
3.2.1 Influence of the reaction temperature

Figure 1 also shows the N, adsorption/desorption isotherms for the catalyst after
reaction at 900, 950 and 975 °C. As in the case of the fresh catalyst, these isotherms
correspond to I- and II-types, with hysteresis loops of type H3 or H4 [40,41]. However,

as can also be seen in Table 1, the BET surface area and the pore and micropore



volumes are strongly modified, all of them decreasing as the reaction temperature
increases. Moreover, the % of micropore volume is also reduced, showing that the

carbon formed during the reaction mainly blocks the micropores of the support.

The Raman spectra acquired for the samples obtained at different reaction temperatures
are shown in Figures 4a and 4b. The feed composition used for these experiments was
28.6% CHy, 14.3% H, and 57.1% N,. In addition, Table 2 includes the values of the
ratios Ig/Ip and Lp/Ig calculated from the spectra. In all cases, see Figure 4a, a peak
appears at about 2690-2700 cm™, the 2D band, characteristic of graphenic materials
[48,49].

From the values of the Ig/Ip and Ip/Ig ratios presented in Table 2 and in Figure 4, it can
be deduced that the quality of the carbonaceous nanomaterials formed is clearly
dependent on the reaction temperature and, in general, on the operating conditions

during the CDM.

Thus, the Ig/Ip ratio decreases from 3.31 to 1.0 as the temperature increases from 850 to
975 °C. On the other hand, the Ig/I;p ratio, related to the number of layers of graphene
[50,51], reaches a maximum of 0.92 at 950 °C, decreasing until 0.69 at 975 °C
According to Hao et al. [50] and Cong et al. [51], the material obtained at 950 °C mainly
corresponds to FLG (2 or 3 layers), while at 900 °C and 975 °C the I,p/lg ratio would
indicate the formation of graphite and/or FLG with more layers. These results are
corroborated by the deconvolution of the 2D band, shown in Figure 4b. The 2D is an
overtone of the D band, and its position and FWHM depends on the number of layers of
the graphenic material [16,52]. According to Ferrari et al. [16], the 2D band has four
components centred at 2660 cm™ (2D;g), 2684 cm™ (2D;4), 2700 cm™ (2D,4) and 2722
cm’ (2D,p), being the relative intensities of the bands 2D, and 2D;4, higher than the
2D and Dyg. An increase in the number of layers causes a significant decrease in the
relative intensity of the lower frequency 2D; peaks. From the total intensity of the 2D
band, and the relative distribution of intensities of these four peaks, the number of
layers in the graphenic materials can be estimated. From the results in Figure 4b and
from the ratios I,p/Ig, it can be estimated that at 950 °C the number of layers is 2 or 3,

and at 900 °C the number of layers is higher than 5, obtaining even graphite layers [16].

Figures 5a and 5b show the representative TEM images obtained after reaction using a

feed composition of 28.6% CHa, 14.3% H; and 57.1% N, carried out at 900 and 950 °C,



respectively. At 900 °C, the image shows that the carbon formed is mainly made up of
graphite nanolayers of around 20-30 nm thickness, covering the exposed surface of the
metallic particles. Furthermore, in agreement with the Raman results, at 950 °C (see
Figure 5b) the formation of graphene flakes and/or FLG is clearly observed. However,
at this temperature the presence of metallic nanoparticles covered by graphite

nanolayers is also observed (not shown).
3.2.2 Influence of the partial pressure of methane

Figure 6 shows the Raman spectra corresponding to the experiments carried out at 950
°C and at different concentrations of methane (14.3% H, constant in all experiments)
and of the fresh catalyst. After reaction, in all cases the 2D band at ca. 2690 cm™ is
observed, indicating the formation of carbonaceous nanomaterials of graphenic
character [48]. In addition, the separation of the bands D and G is clearer, and the
intermediate peak between both bands has almost disappeared. However, at low partial
pressure of methane (1.4%), the shape of the D and G bands indicates that the coverage
of the support surface is incomplete. In Table 2 it can be seen that the ratio Ig/Ip attains
a maximum of 6.5 for 7.1% of CH4, but for the I,p/Ig ratio the maximum value of 1.68
is observed for the experiment at 14.2% of CHy4. According to Cong et al. [51], these
values indicate that the graphenic material formed corresponds to FLG containing 2 or 3
layers with low structural defects. Finally, operating at high methane contents, i.e.
42.9%, there is an increase in the D band and a diminution in the 2D band, indicating
the formation of graphite layers with structural defects. Therefore, there is an optimum
concentration of methane in the feed, placed between 7% and 14%, that maximizes the

formation of graphenic materials.

Figure 7 shows the representative TEM images of the samples after reaction at 950 °C
and at different partial pressures of methane (14.3% H, constant in all experiments). At
low partial pressures (7.1%), the image shown in Figure 7a indicates that the
predominant carbonaceous species are graphite nanolayers of ca. 40 nm thickness,
surrounding the metallic nanoparticles. Under these conditions, the presence of
graphene or even FLG is not observed in any of the images. In accordance with the
Raman results, as the partial pressure of methane increases, the quality (i.e. the content
of FLG and/or graphene) of the material obtained is enhanced. Thus, for 28.6% of
methane the TEM images (Figure 7b) show clearly the formation of graphene flakes.



Besides, under these experimental conditions FLG and lower contents of graphite
nanolayers are also detected. At high partial pressures (42.9% CH,, Figure 7¢) the
carbon formed is mainly composed of graphite nanolayers around the metallic particles.
Besides, in some images (not shown here) the presence of minor amounts of FLG was
also observed. In summary, the TEM results also confirm the existence of an optimum
methane concentration at which a higher proportion of graphene and FLG is obtained in

the carbonaceous nanomaterials.
3.2.3 Influence of the partial pressure of hydrogen

As in the case of the temperature and the %CHy, Table 2 and Figures 8 and 9 present the
Raman and TEM results obtained in the study of the influence of the hydrogen
concentration in the feed. These experiments were carried out at 950 °C and with 26.8%
of methane. The Raman results in Table 2 and Figure 8 indicate that as the hydrogen
content increases, the number of defects in the carbon formed diminishes, and therefore
the Ig/Ip ratio decreases. Simultaneously, the I,p/Ig ratio increases until attaining a value
of around 0.9 at the higher concentrations tested. The formation of graphene flakes
and/or FLG after reaction with 14.3 % of H; can be seen in Figure 9b. In contrast, in the
absence of hydrogen (see Figure 9a) the nanomaterial grown is mainly formed by
graphite with a large number of structural defects (Ig/Ip=1.16). Furthermore, some
images (not shown here) also revealed the formation of carbon nanofibers with
diameters of around 100 nm and a length of 1 micron, in accordance with the intensity
of the D band measured in the Raman spectra (Figure 8). In summary, the presence of

hydrogen is beneficial for obtaining high quality graphenic nanomaterials.
3.2.4 Influence of the reaction time

Figure 10 shows the evolution of the Raman spectra of the fresh catalyst, i.e. at reaction
time = 0, and after 1, 4 and 120 minutes of reaction at 950 °C, 28.6% CH,4 and 14.3%
H,. Table 2 shows the values of the Ig/Ip and Lp/Ig ratios calculated for each case.
These results indicate that after 1 minute of reaction, the metal nanoparticles are
partially covered by graphite (e.g. l,p/Ig = 0.24). Graphene, FLG or other carbonaceous
nanomaterial are not detected in any spectrum acquired for this sample. Also, the width
of the D and G bands indicates that most of the Raman signal comes from the
biomorphic carbon support. After 4 minutes of reaction, an increment in the I,p/Ig ratio

is observed; and finally, after 120 minutes, the I,p/Ig ratio reaches a value of 0.92. As
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has been discussed, this value corresponds to the presence of FLG. In addition, the
lower width of the D and G bands indicates a decrease in the structural defects of the
graphenic material grown, indicating the almost complete coverage of the biomorphic

carbon support by sheets of the graphenic material.

The TEM images presented in Figure 11 show that after 1 minute of reaction some of
the metallic nanoparticles are already coated with a continuous layer of graphite with a
thickness of about 30 nm (see Figure 11a). In this Figure it can be observed that the
graphite layer is partially separated from the particle on which it was generated, which
could facilitate its exfoliation and the diffusion of CH4 and H,. After 4 minutes or
reaction (Figure 11b), an increase in the thickness of the graphite layer and a higher
separation from the metal particle is observed. Finally, after 120 minutes (Figure 11c)
the growth of graphene flakes and FLG can be seen, in agreement with the Raman
results. Other TEM images of this sample taken at this time (not shown) demonstrate
the presence of partially exfoliated carbonaceous material, which will lead to the

formation of separated layers of graphene and FLG.

It can be seen in Figure 2 that after reaction, the formation of graphitic structures is
evident, with the characteristic XRD peaks appearing at 26° (200) and 43° (100). As
expected, the intensity of these peaks increases during the reaction time as a
consequence of the accumulation of graphitic material over the surface of the catalyst.
As indicated in the Experimental Section, the evolution over time of the graphitic
crystal size, Lc, and the number of layers has been estimated from the XRD patterns
shown in Figure 2 [37,38,39]. Thus, after 1 minute of reaction, the number of graphene
layers estimated is 25 and L=8.2 nm; after 4 minutes, n= 31 layers and L=10.2 nm;
and finally, after 120 minutes, n= 28 layers and Lc=9.1 nm. These values confirm the
TEM and Raman results, all of which indicate that after ca. 4 minutes, the graphitic
nanolayers surrounding the metallic nanoparticles are already developed. From this
point an “in-situ” exfoliation of these layers occurs to form the flakes of graphene and
FLG. In addition, the average diameter of the Ni-Cu particles remains constant over
time. This value is similar to that obtained for the fresh catalyst, ca. 44 nm, indicating
that there is no additional sintering of the metallic phase phenomenon during the

reaction.

3.3 Kinetic study and modelling of the carbonaceous nanomaterials growth.
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In addition to the characterization results, a complete set of experiments has been
carried out in order to measure the productivity of the Ni-Cu/BC catalyst and the
influence of the main operating variables during the decomposition of methane. In order
to accomplish a quantitative description of the kinetics reaction, we have applied a
phenomenological model [29,31,53,54] that takes into account the main stages involved
in the carbonaceous nanomaterial formation. Briefly, the reaction mechanism can be
described by the following steps: i) adsorption and decomposition of methane on the gas
side of the metallic nanoparticles; i7) reaction of carbon atoms with the surface of the
metallic nanoparticles, forming a metastable carbide which, under the reaction
conditions, decomposes leaving carbon atoms at the metallic subsurface; iii) diffusion
and precipitation of carbon atoms forming the graphite nanolayer covering the metallic
nanoparticle (see Figure 11a); iv) exfoliation of graphite nanolayers due to the action of
the reaction atmosphere. After this step the formation of separate sheets of graphene and
FLG can be observed (see Figure 11c). The final step is v), the catalyst deactivation.
The causes of the decay of the catalyst activity can be related to all the complex
phenomena involved during the diffusion of the reactants through the layers of graphite,
the reconstruction and encapsulation of the metallic nanoparticles during the reaction,
and the steric hindrance to the growth of graphitic nanomaterials in the form of layers
[29,31]. The necessary complexity of a rigorous mathematical description of these
phenomena, in addition to those involved in the previous stages of the reaction, usually
results in the use of simplified models that are nevertheless very useful for optimising

the production process of the materials.

As regards the kinetics results, Figures 12a, 12b and 12c¢ show the influence of the
temperature, partial pressure of CHy and partial pressure of H,, respectively. These
curves show the evolution of the carbon concentration (m.), expressed as gC/gcat, with
time under the experimental conditions studied. The reaction rate is calculated as the
numerical derivative of the m, vs. time data. The catalyst productivity is estimated as the
average reaction rate for a given interval of time. Table 2 includes the data of the

average catalyst productivity obtained at the end of each experiment.

In this case we have calculated the quotient between the values of carbon concentration

and time and the end of reaction.
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In all cases the shape of the curves is similar, with a high initial slope corresponding to
a high reaction rate. Gradually, the rate decreases until reaching a final value

corresponding to the almost linear increase of the m¢ vs. time curves.

As expected, the changes in the operating conditions modify the reaction rates and the
evolution of the curves. In particular, the increase in the reaction temperature from 850
to 975 °C, see Figure 12a, causes an increase in the initial reaction rate, and an increase
in the final amount of carbon produced and therefore of the catalyst productivity.
However, as can be seen in Table 2, the increase in the catalyst productivity at high
temperatures, 0.0146 gC/gcat-min at 975 °C, causes a loss in the carbon quality as the
Is/Ip and Lp/Ig ratios indicate. In Figure 12b it can be seen that the effect of the increase
in the methane concentration, from 1.4 to 42.9%, is qualitatively similar, observing
again that the higher productivities attained, 0.0146 gC/gcat-min at 42.9% of CHg, are
accompanied by a decrease in the selectivity to the desired carbonaceous nanomaterials.
In contrast, the increase in the % of hydrogen, see Figure 12¢, has a low effect on the
initial rate, but causes a continuous decrease in the catalyst productivity. In summary, it
can be inferred from the data in Table 2 that the optimal operating conditions which
combine high productivity and sufficient carbon quality are around 950 °C, 28.6% of
CH4 and 14.3% of H,.

3.3.1 Development of the kinetic growth model

The reaction rate, i.e. the rate of carbon production, (r¢);, is defined by the following

expression [31,53,54]:

(7e),
(rC)o

), :(dmc] =(r.),-aO) = jo, -Os(0)-at) <> a(t)= (1)

dt

In this equation, m¢ represents the carbon concentration accumulated over the catalysts,
expressed as gC/gcat; jc, has units of (gC/gcat'min) and can be considered as the
intrinsic carbon growth rate for the fresh catalyst. This parameter depends on the carbon
solubility and diffusivity, which determine the driving force for the diffusion of the
carbon atoms through the metallic nanoparticles [31]. The term Os(¢) is the degree of
carburization of the surface of the metallic nanoparticles, and a(?) is the remaining

catalyst activity. As shown in equation (1), the activity is defined as the observed
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reaction rate at a given time, divided by the reaction rate in the absence of any

deactivation process [54,55].

According to the reaction mechanism described, the formation of the metastable surface
carbide is a key step in the reaction [56]. It is assumed that the carburization process
follows an autocatalytic kinetics [29,31] and the degree of carburization growth with the
time from 0 to 1. The delay caused by the initial carburization of the metallic
nanoparticle is responsible for the appearance of a period of induction, where the
reaction rate is very low giving the carbon growth curves a sigmoidal shape [31].
However, in the present case the period of induction is not observed because the
carburization step is very fast due to the high temperatures used during the reaction.

Then, we can assume that s =1 from the beginning of the reaction and consequently
(I”C )0 - jCo '

Finally, the evolution over time of the carbon content can be calculated by the

integration of equation (1). Considering that the term /. is constant, the expression

obtained is:
me(t)=|jo, 05 -a-dt=jc -[a-dt 5 6,=1 )
0 0

In order to solve this equation, it is necessary to know the kinetics of the catalyst
deactivation. Given that the experimental results shown in Figure 12 indicate the
presence of a residual reaction rate, we have tested several models for the catalyst
deactivation that take into account the existence of residual activity [31,57]. The

deactivation model selected provides the following deactivation rate, r;: , [57]:

rd:_%:l//d'a_l//r'(\/;_a) (3)

The selection of this deactivation equation has been made considering the best fitting of
all the data presented in Figures 12a, 12b and 12c. In equation (3), the parameters
and y, are the kinetic functions of deactivation and regeneration, respectively. Both
have dimensions of time"' and, for a given catalyst, depend on the experimental
conditions used during the reaction. The parameter y;, is determined by the loss of

catalyst activity, and the regeneration term, ., accounts for the residual rate of reaction
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which will be 0 in the case of complete deactivation of the catalyst. The analytical

solution of equation (3) is:

2
a:(ﬂ+ﬂ.exp(_&.tﬁ @
Yo Vs 2

where the term yg is: y, =y, +y, . After substitution of equation (4) in equation (2)

and integration, the explicit function that gives the evolution of the carbon content with

time is obtained:

m, :jco Ll//r 't+T,n] -(l—eXp(_l//G 't))+z-mz Ll_exp(_%thJ (5)

Ve

The terms 7z, and 7, are parameters related to the characteristic deactivation and

regeneration times, defined by:

= — : T

m 3 2 nm, 3

Ve Vs

l//d — 4‘//51 'l//r (6)

The model resulting from equation (5) predicts a constant residual rate, but the
experimental results of Figure 12 do not strictly follow this behaviour. The final part of
the experiments has a curvature which is a consequence of a detrimental loss of the
reaction rate. This has been included in the model by introducing a new parameter, #n, as
a power of the first linear term of equation (5). Finally, the final expression for the

kinetic model is given by:

me = e, LL 1" +7, -(1-exp(-yg ) +7,, -Ll —exp [—& : tJ)J (7)
Ve 2

Given the experimental results presented in Figure 12, it is presumed that the values of

n will be in the interval 0<n<1. The smaller the power n, the lower the residual rate, and

in the case of n = 1, the residual rate will be constant and equal to the following

asymptotic value:

(re)s :jco L (3)

G

The physical meaning of this parameter is under discussion, but it could be related to

the diffusional restrictions on the methane to attain the surface of the metallic
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nanoparticles which are surrounded by the growing layers of graphite. Obviously, these
diffusional problems also determine the values of the parameters y; and v, showing the
interdependence of all the complex phenomena involved during the formation and
exfoliation of the graphene layers. In summary, the evolution of the carbon

concentration is expressed as a function of four parameters: jc,, wa, ¥ and n, which are

dependent on the temperature and gas composition used in each experiment. These

dependences have been estimated by the following expressions:

.
kc-p CH,

Je, = 9
“Thean T "

. pMa
k, Pcn,

= 10
1+Bd-pH2 (10)

Y,

m,

k, - Pcu,

= 11
lJrB,,'pH2 (i

v,
In order to ensure the convergence of the non-linear regression algorithm, the Arrhenius
dependence with temperature for these kinetic parameters has been expressed on the

basis of the reparametrized temperature, VT, as follows:

ke =k, -exp(—E./RT) =k, -exp(=E.-VT)
k, =k, -exp(—E, /RT) =k, exp(=E.-VT) (12)
k. =k, -exp(~=E,/RT)=k, -exp(~E.-VT)

The reparametrized temperature is given by:

o (T,=D)

13
R-T, -T (13)

The reference temperature, 7, used in this case for the parameter estimation is 7,=1223
K and the value of the Gas Constant is R=0.008314 kJ/mol-K. The calculation of the
pre-exponential factors kcy, ki and k9 shown in Table 3 is made using equation (12)
after estimation of the apparent activation energies, E¢, E; and E,, and of k¢, kam and

km.

A power-law dependence with respect to the methane concentration and a pseudo-

Langmuir-Hinshelwood dependence with respect to the H, partial pressure have been
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assumed for the above expressions. For the temperature, an Arrhenius-type dependence
is assumed, where E¢, E; and E, represent the apparent activation energies for each

parameter, and k¢y, k49 and k¢ are the corresponding pre-exponential factors.

The complete set of parameters has been estimated by non-linear least-squares
multivariable regression of all the experimental data at the same time, using equations
(7), (9), (10) and (11). The maximized objective function was the Model Selection
Criterion (MSC) defined as [58,59]:

MSC = h{ﬂj—[z—p] (14)
SSR

n,

In this equation, p represents the number of parameters and n, the number of
experimental points. The terms SST and SSR are the sum of total squares and the sum

of the squared residuals, respectively. These terms are defined as:

i=n,

SST = Z(mz"p —mg? )2 (15)
i=1

SSR=3" (e —met )’ (16)
i=l1

One key advantage of the use of the MSC, unlike the SSR, is that it allows

discrimination among several models with different numbers of parameters [60].

Figures 12a, 12b and 12c also include the model predictions together with the
experimental data, showing a very high quality of the fitting. The values, standard errors
and confidence intervals of each parameter are summarized in Tables 3 and 4. The low
values of the standard error obtained for all the parameters confirm the goodness of the
fitting attained with the kinetic model which is able to fit simultaneously the 11246

experimental data corresponding to the 14 curves presented in Figures 12a, 12b and 12c.

As regards the effect of the temperature, an increase of jcy, ¥, and v, is observed in
accordance with equations (9) to (11). From these expressions, the estimated value of
the apparent activation energy for jc, is 103.2 kJ/mol, which comes within the interval
of the values published in the literature (80-130 kJ/mol) for the intrinsic growth rate of
carbonaceous nanomaterials such as graphene or carbon nanotubes [61,62,63].

However, it should be noted that the values estimated for the apparent activation
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energies, and for all the parameters in general, are strongly dependent on the kinetic
model used, and therefore this type of comparison is always problematic. The values of
both the pre-exponential factor and of the activation energy corresponding to the
deactivation and regeneration parameters (see Table 3) indicate that the catalyst
regeneration is more favoured by the increase in temperature than the deactivation
phenomena, producing an increase in the residual reaction rate. Nevertheless, the value
of the parameter n decreases with the temperature, from 0.86 at 850 °C until 0.48 at
975°C ( see Table 4) indicating that the diffusional restrictions mentioned above are
more significant as the temperature increases because the carbon content is higher.
Obviously, the interdependence between these parameters ;. and n determine the final
evolution of the catalyst activity. Furthermore, the increase in temperature causes a
larger increment of jcy than of yy, both the pre-exponential factor and the activation
energy are higher (see Table 2). This explains the increase in the initial reaction rate

seen in Figure 12a.

As regards the effects of the increase in the partial pressure of methane, the orders of
reactions estimated are 0.783 for jcp and yy, and 0.897 for ;. (see Table 2). Therefore,
although the increase in the methane concentration in the feed does not modify the

Jc,/ va ratio, the greater value of k¢, compared to ky,,, explains the augmentation of the

initial reaction rate shown in Figure 12b. The effect of the increase of ;. over the final
reaction rate is modulated by the parameter n. In this case, the parameter n reaches a
maximum value of 0.62 at 14.3% of CHy4, and then decreases until 0.46 at 42.9% of
CHa. Interestingly, this maximum coincides with the maximum in the I,p/Ig ratio, which

could indicate some relationship between both parameters.

Finally, with respect to the effects of the partial pressure of hydrogen, both jcy, and vy,
decrease as the %H; increases and ;. increases with the %H,. This behaviour has been
found in similar studies of catalytic hydrocarbon decomposition [25,26,32,33] and can
be explained considering that the hydrogen inhibits both the growth and the deactivation
process, due to the competitive adsorption between H, and CH4 on the active sites of
Ni-Cu nanoparticles. Simultaneously, the rise in the hydrogen concentration enhances
the regeneration step but, as in the case of the temperature, causes a decrease in the

parameter 7.
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In summary, the evolution of the carbon content is a consequence of the interplay of all
the parameters involved, and of the relative variation of each parameter with the
operating conditions. The kinetic model allows the relative importance of each variable
to be discerned, and also provides some information about the impact of each of the

stages - diffusion, deactivation and regeneration - involved during the carbon growth.

4. Conclusions

A biomorphic carbon (BC) supported Ni(40%)-Cu(8%) catalyst has been synthesized
from cellulose using a one-step thermal decomposition method. This method allows
obtaining a catalyst with a moderate surface area, 343 m?/g of area BET, a pore volume

of 45 cm’/g and 33% microporosity, in which the Ni and Cu atoms are alloyed.

The Ni-Cu/BC catalyst has proved to be active in the synthesis of graphene and FLG by
the catalytic decomposition of methane at temperatures around 950 °C. The
characterization results have shown that the highest quality graphenic material is
obtained operating at 950 °C with 28.6% of CH; and 14.3% of H,. Under these
conditions, the Raman spectra and TEM images have shown that the nanocarbonaceous
material consists mainly of graphene and of 2 to 5 graphene layers (FLG). In addition,
from the results obtained at different reaction times it has been ascertained that the
formation of graphene in this type of catalyst occurs through the following steps: 1)
nucleation of a graphite layer covering the Ni-Cu metallic nanoparticles, ii) graphite
exfoliation originating graphene and few layer graphene (FLG). This mechanism,
combined with prior studies, was the basis used for the development of a
phenomenological kinetic model that describes the growth of the carbonaceous

nanomaterials described.

The results of this study indicate that nanocarbonaceous material productivity increases
with the reaction temperature and the partial pressure of methane because the
decomposition rate of methane increases under these operating conditions. This induces
an increment in the carbon atoms dissolved in the metal nanoparticles, increasing the
driving force through these nanoparticles. In contrast, an increment in the partial
pressure of hydrogen produces a decrease in the amount of nanocarbonaceous material
grown, caused by the competitive adsorption between H, and CHy4 on the active sites of

Ni-Cu nanoparticles. The maximum carbon productivity, (0.0159 gC/gcat-min), is
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obtained at 950 °C with 28.6% CH, and 0% H; in the feed. Combining both factors,
productivity and quality, the optimum conditions for carrying out the reaction are 950

°C with 28.6% of CH4 and 14.3% of Ho.

Finally, the results of the kinetic model indicate that the evolution of the carbon content
is the consequence of the interplay of all the parameters involved, and of the relative
variation of each parameter with the operating conditions. The model allows the relative
importance of each one of the variables to be elucidated, and also provides information

about the true impact of each of the stages involved during the carbon growth.
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Table

Table 1. Textural properties of fresh Ni-Cu/BC catalyst and of the carbonaceous

nanomaterials obtained at different reaction temperatures.

BET surface Pore volume Micropore % Micropore
(m?/g) (cm®/g) volume volume
(cm*/g)
Ni-Cu/BC fresh 343 0.451 0.148 32.9
Reaction: 900 °C 40 0.140 0.019 13.7
Reaction: 950 °C 24 0.101 0.011 11.0

Reaction: 975 °C 21 0.075 0.009 12.4




Table 2. Influence of the operating conditions on the Ig/Ip and I,p/Ig ratios.

Temperature (°C) I/l I/l
fresh 1.03 0
850 3.31 0.40
900 2.56 0.53
925 2.20 0.59
950 2.84 0.92
975 1.00 0.69
pCH, (bar) Ic/lp I/l
1.4 1.26 0.51
7.1 6.50 0.73
14.3 3.69 1.68
28.6 2.84 0.92
42.9 1.57 0.52
pH (bar) I6/lp I/l
0.0 1.16 0.40
7.1 1.59 0.72
14.3 2.84 0.92
28.6 4.38 0.82
Time (min) I6/lp Ip/lg
0 1.03 0
1 1.38 0.24
4 1.70 0.63
120 2.84 0.92




Table 3. Parameters of the Kinetic Model of Carbon Growth.

Parameter Value  Standard Error L.L.(95%) U.L.(95%)

ke, 0.582 0.003 0.576 0.589
(gC/bar™“gcat-min)

Jco E. (kJ/mol) 103.3 0.3 102.8 103.8
me 0.783 0.004 0.776 0.791
B, (bar™) 0.11 0.01 0.10 0.12
kay (gC/bar"*gcat-min)  0.420 0.004 0.412 0.427

v E, (kJ/mol) 45.1 0.6 43.9 46.3
my 0.782 0.007 0.769 0.795
By (bar™) 0.89 0.03 0.84 0.95
k., (C/bar""gcat-min)  0.407 0.008 0.393 0.422
E, (kJ/mol) 145.3 0.8 143.7 146.9

" m, 0.893 0.013 0.867 0.919
B, (bar™) -0.81 0.02 -0.85 -0.78

MSC =7.936; R = 0.9996, Significance level o. = 0.05



Table 4. Values of the kinetic model parameter n obtained. Influence of the operating

conditions.
Temperature (°C) n
850 0.86
900 0.66
925 0.59
950 0.53
975 0.48
pCHy, (bar) n
1.4 0.61
7.1 0.61
14.3 0.62
28.6 0.53
42.9 0.46
pH, (bar) n
0.0 0.63
7.1 0.59
14.3 0.53

28.6 0.48




Figure captions

Figure 1. N, adsorption and desorption isotherms of Ni-Cu/BC catalyst after
preparation and reaction at 900, 950 and 975 °C.

Figure 2. XRD pattern of fresh Ni-Cu/BC catalyst and after reaction at 950 °C, 28.6%
CHy4, 14.3% H,, 57.1% N, at different reaction times.

Figure 3. a) SEM and b) TEM images of fresh Ni-Cu/BC catalyst.

Figure 4. a) Raman spectra of Ni-Cu/BC fresh catalyst, and after reaction at different
temperatures. Feed composition: 28.6% CHa, 14.3% H,, 57.1% N,. b) Deconvolution of
the 2D band after reaction at 900 and 950 °C.

Figure 5. TEM images of Ni-Cu/BC catalyst after reaction at a) 900 °C; and b) 950 °C.
Feed composition: 28.6% CHy, 14.3% H;, 57.1% N,.

Figure 6. Raman spectra obtained after reaction at 950 °C and with 14.3% H,. Influence

of the partial pressure of methane.

Figure 7. TEM images after reaction at 950 °C and with 14.3% H,. Influence of the
partial pressure of methane. a) 7.1% CHa, b) 28.6% CHa, c) 42.9% CHa.

Figure 8. Raman spectra acquired after reaction at 950 °C and with 28.6% CHa.

Influence of the partial pressure of hydrogen.

Figure 9. TEM images after CCVD reaction at 950 °C and with 28.6% CHai. Influence
of the partial pressure of hydrogen. a) 0% H,, b) 14.3% H,.

Figure 10. Raman signal for Ni-Cu/BC catalyst after CCVD reaction at 950 °C with
28.6% CH,4 and 14.3% H,. Influence of the reaction time.

Figure 11. TEM images of Ni-Cu/BC catalyst after CCVD reaction at 950 °C with
28.6% CH4 and 14.3% H, during a) 1 min, b) 4 min and c¢) 120 min.

Figure 12. Evolution of carbon concentration, gC/gcat. over time. Influence of: a)

reaction temperature; b) % CHy and c) % H,. Dashed red line: model prediction.
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