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Abstract: The catalytic decomposition of methane (CDM) process produces hydrogen in a single 10 
stage and avoids the CO2 emission thanks to the formation of high added value carbon 11 
nanofilaments as by-product. In this work, Ni monometallic and Ni-Co, Ni-Cu and Ni-Fe bimetallic 12 
catalysts are tested in the CDM reaction for the obtention of fishbone carbon nanofibers (CNF). 13 
Catalysts, in which Al2O3 is used as textural promoter in their formulation, are based on Ni as main 14 
active phase for the carbon formation and on Co, Cu or Fe as dopants in order to obtain alloys with 15 
an improved catalytic behaviour. Characterization of bimetallic catalysts showed the formation of 16 
particles of Ni alloys with a bimodal size distribution. For the doping content studied (5 mol. %), 17 
only Cu formed an alloy with a lattice constant high enough to be able to favor the carbon diffusion 18 
through the catalytic particle against surface diffusion, resulting in higher carbon formations, longer 19 
activity times and activity at 750 °C, where Ni, Ni-Co and Ni-Fe catalysts were inactive. On the other 20 
hand, Fe also improved the undoped catalyst performance presenting a higher carbon formation at 21 
700 °C and the obtention of narrow carbon nanofilaments from active Ni3Fe crystallites. 22 

Keywords: Ni catalysts; bimetallic catalysts; hydrogen; catalytic decomposition of methane; 23 
thermogravimetric analysis; carbon nanofibers 24 

 25 

1. Introduction 26 
Catalytic decomposition of methane (CDM) represents a realistic alternative to the conventional 27 

hydrogen production methods where CO2 sequestration is still the best approach to deal with the 28 
large quantities produced of this gas, e.g., 0.3-0.4 m3 per m3 of hydrogen are produced in the methane 29 
steam reforming process [1]. In contrast to the gasification or steam reforming of hydrocarbons, CDM 30 
generates hydrogen in a single stage with the formation of nanostructured carbon materials instead 31 
CO2, whose high-added value may reduce the process operational costs [1]. In this way, the 32 
development of catalysts that moderate the operating temperature of the endothermic methane 33 
decomposition process (CH4 (g) → C (s) + 2H2 (g), ΔH0 = 75.6 kJ mol-1) and at the same time promote 34 
the formation of carbon nanofilaments such as carbon nanotubes (CNT) and nanofibers (CNF) is of 35 
paramount importance. Transition metals, and more specifically Ni, Co and Fe, offer high solubility 36 
and carbon diffusion through their crystalline structure [2-5].  37 

Due to its reported higher activity in the CDM [4, 6], Ni represents one of the best options as 38 
active phase in the catalyst, being its activity limited by the deactivation at high temperature [3], 39 
where the methane conversion is favoured thermodynamically and the graphitic order of the carbon 40 
nanofilaments obtained is improved [7]. To face this challenge, bimetallic catalysts, with the 41 
participation of small amounts of a dopant, were studied in order to improve the methane conversion 42 
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and extend the catalyst lifetime. A wide variety of metals such as Cu, Pt, Pd, Co, Fe or Mo, have been 43 
explored as promoters of Ni-based catalysts in order to improve their activity under more 44 
appropriate operating conditions to obtain hydrogen and/or their yield to better quality carbon 45 
nanofilaments [8-18].  46 

It was reported that Cu doping improved the reducibility of the Ni-based catalyst (Cu is easier 47 
to reduce than Ni) and enhanced its stability and activity in the CDM at high temperature [19-30]. 48 
Ni-Cu alloy is formed over a wide composition range and at temperatures above 354 °C [31]. On the 49 
other hand, the doping of Ni-based catalysts with Fe was shown to decrease the gradient of the carbon 50 
concentrations in the Ni particles since it decreases the methane decomposition rate and improves 51 
the carbon removal rate on the particle surface [32]. However, the carbon diffusion coefficient 52 
through Fe is three orders of magnitude higher than that through Ni, so the diffusion of carbon atoms 53 
through the bulk of the alloy particles become faster [32]. Shah et al. [33] prepared Fe-based bimetallic 54 
catalysts (Fe-Mo, Fe-Ni and Fe-Pd) with better performance in the CDM than the undoped Fe/Al2O3 55 
catalyst. However, Fe presents lower activity than Ni at low temperature, so the Ni-Fe alloy did not 56 
improve the activity of the second at those conditions [17], or when the Fe/Ni ratio in the catalyst 57 
formulation was very high [12]. 58 

Recently we reported a thorough comparative evaluation of Cu-doped Ni/MgO and Ni/Al2O3 59 
catalysts studying the influence of Cu loading, textural promoter, CDM operating mode, temperature 60 
and reactor scale, on the carbon nanofilaments yield and their resulting final textural and structural 61 
properties [34]. Cu modified the Ni(x)Cu(1-x) alloy crystal lattice and its activity, finding different 62 
carbon nanofilament growth mechanisms depending on the textural promoter and the Cu loading 63 
used in the preparation of each catalyst. Concentrations of Cu around 5.0-7.5 mol. % (in catalysts 64 
expressed as Ni:Cu:Al or Ni:Cu:Mg), which corresponded to Cu/Ni molar ratios of 0.08-0.12, showed 65 
maximum carbon yields in the CDM and higher lattice constants of the Ni(x)Cu(1-x) alloy. In this work, 66 
Ni-Co, Ni-Cu and Ni-Fe bimetallic catalysts with a Dopant/Ni ratio of 0.08 were prepared with 67 
identical formulations, preparation method and reaction conditions, in order to compare the catalytic 68 
behaviour of their alloys in the CDM reaction and in the formation of carbon nanofibers. Thanks to a 69 
comprehensive characterization, catalyst crystal structure and morphology of the resulting carbon 70 
nanofilaments obtained were correlated in a clear manner. For the dopant content studied (5 mol. %), 71 
only Cu formed an alloy with a lattice constant high enough to be able to favour the carbon diffusion 72 
against surface diffusion, resulting in a higher carbon formation and the obtention of denser carbon 73 
nanofibers. 74 

2. Results and Discussion 75 

2.1 Characterization of the catalysts  76 
Reducibility (Figure 1) and crystal structure (Figure 2) of undoped and doped catalysts were 77 

measured by TPR and XRD, respectively. At 650 °C, the almost complete reduction of Ni (NiII to Ni0: 78 
peaks 1, 2 and 3 in Figure 1) is ensured prior to CDM tests. Although the TPR profiles present a small 79 
H2 consumption at temperatures above 650 °C, this can be covered by a longer exposure under H2 80 
flow at 650 °C thus avoiding higher reduction temperatures that may result in Ni particle sintering 81 
[35, 36]. Some differences were observed after doping with respect to the metal employed: while Fe 82 
hardly improved the reducibility of the catalyst, Co and Cu showed shifts of 23 and 122 °C towards 83 
lower temperatures, respectively, of the main reduction of NiII to Ni0 (peak 1) found at 340 °C in the 84 
Ni/Al catalyst. This peak is associated to the reduction of unsupported NiO to Ni [37], where 85 
reducibility improvement is due to defects and dislocations in the Ni crystal lattice after the 86 
incorporation of Cu or Co atoms [38, 39]. In addition, Cu doping led to the appearance of an H2 87 
consumption peak at 170 °C attributed to the CuO reduction (CuII to Cu0: peak 4). Reduced Cu is 88 
known to act as activation site of hydrogen molecules, thus facilitating the reduction of NiO [4].  89 

The complete reduction of the catalysts was verified according to their X-ray diffraction patterns 90 
before (fresh catalysts, Figure 2a) and after a reduction stage at 650 °C and 1 h (Figure 2b). In fresh 91 
catalysts, (111), (200), (220), (311) and (222) planes of the face centered cubic (fcc) NiO [40], or of their 92 
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respective Ni(x)Do(1-x)O alloys [41], appeared at 37.3, 43.4, 62.9, 75.5 and 79.5°, respectively. In addition, 93 
other crystalline phases as NiCo2O4 spinel [42, 43] or Fe2O3, were also detected in Ni-Co/Al and Ni-94 
Fe/Al catalysts, respectively. Co3O4 is indistinguishable by XRD because its reflections are overlapped 95 
(and hidden) with those of the NiO [39]. After reduction, planes of fcc system of the Ni or of its alloy: 96 
(111), (200) and (220), were detected at 44.5, 51.9 and 76.4°, respectively [44]. It is worth mentioning 97 
that the graphene formation over Ni, and specifically the (002) graphite planes, takes place mainly on 98 
the Ni plane (111), which presents the higher relative intensity [18, 45]. However, two fcc Ni 99 
crystallites (with different lattice constant and crystal size) were found in all the catalysts according 100 
to the fit of the diffractograms by Rietveld refinement. For simplicity, these crystallites of pure or 101 
alloyed Ni were classified as Ni’ or Ni” according to their size, small or large, respectively. In Figure 102 
3 it can be found the size, the lattice constant and the content of each type of fcc Ni crystallite in 103 
reduced catalysts. Ni phase in undoped catalyst is comprised of Ni’ (79.2 %) with an average size of 104 
8.4 nm, and of Ni” (20.8 %) with a size about 51.7 nm. These crystal structures presented similar lattice 105 
constants (3.5247 and 3.5234 Å, respectively) as theoretically expected for a pure fcc Ni system (3.524 106 
Å). Doping influenced both the Ni’ weight fraction and its size except in the catalyst doped with Co 107 
(Ni-Co/Al). The size of the Ni’ phase falls slightly to 7 nm for those doped with Cu or Fe, and its mass 108 
fraction to 66.4 and 58.6 %, respectively. Ni-Cu/Al and Ni-Fe/Al present a larger fraction of Ni” 109 
particles but are smaller than those of undoped and Fe-doped catalysts. These differences in the 110 
particle size distributions and the lattice parameters observed for each catalyst had a significant 111 
influence on its behavior and the morphology of the carbon nanofilaments generated during the 112 
CDM reaction, as it will be shown in the next sections. The lattice parameter of the fcc Ni crystallites 113 
increased after doping to a greater or lesser extent depending on the dopant used and as long as the 114 
solid solution is possible. Initially, Ni-Co, Ni-Cu and Ni-Fe solid solutions are in accordance with the 115 
Hume-Rothery rules [46], but only Fe has a lower ionic radius than Ni (0.645 versus 0.690 Å, 116 
respectively), so a priori its intercalation should not produce an increase in the alloy lattice constant 117 
as high as would be expected for Co (0.745 Å) or Cu (0.730 Å). Moreover, while Ni and Cu tend to 118 
form fcc structures at ambient conditions, Co and Fe form hexagonal-close-packed (hcp) and body 119 
centered cubic (bcc) structures, respectively. In the case of Cu, a substitutional solid solution 120 
(Ni(x)Cu(1-x)) is formed, consistent with the Vegaard’s law [47], which was studied for different Cu 121 
concentrations in a previous work [34]. Although Cu increased the lattice constant of the Ni(x)Cu(1-x) 122 
crystallites (Ni and Ni”), particles were smaller than those of the undoped catalyst. Fe doping also 123 
resulted in crystallites of Ni(x)Fe(1-x) alloy of different size (Ni and Ni”) and of Ni3Fe intermetallic 124 
compound (whose planes (111), (200) and (220) appears around 44, 51 and 75°, respectively [48]), 125 
which exhibited a fcc structure with a higher lattice parameter 3.5869 Å and a crystal size of 13.1 nm. 126 
The latter accounted for 7.7 wt. % in the catalyst, where Ni’ and Ni” corresponded to the remaining 127 
58.6 and 33.7 %, respectively. 128 
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Figure 1. Catalyst TPR profiles. 1 = Bulk NiO  Ni; 2 and 3 = NiO supported Al2O3  Al2O3 + Ni; 4 = 131 
CuO  Cu. 132 
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Figure 2. Diffractograms of (a) fresh; and (b) reduced catalysts at 650 °C. 134 
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 136 
Figure 3. Crystallite sizes (in nm), lattice constants and Ni’ and Ni” fraction percentages of Ni or 137 
NixDo(1-x) alloy (Do = Co, Cu or Fe according to the catalyst) of the reduced catalysts.  138 
 139 

2.2 Activity of of Ni and Ni-Do catalysts in the CDM reaction 140 
The activities of Ni and doped catalysts towards carbon and hydrogen formations in the CDM 141 

reaction were initially tested in thermobalance at temperatures between 550 and 750 °C. 142 
Thermobalance runs were carried out until the mass gain was almost negligible, reaching at that point 143 
both the cumulative maximum carbon value, Cmax, and the deactivation time (td). Figure 4 shows Cmax 144 
(Figure 4a) and the maximum carbon formation rate, CFRmax (Figure 4b), versus both time in which 145 
they were reached and operating temperature. For all catalysts, carbon formation was higher, along 146 
with longer lifespan, at lower operating temperatures (550 °C). On the other hand, the promoter 147 
addition had different catalytic effects depending on the metal used (as clearly seen in Figure 4a): 148 
while Cu had a positive effect on the catalyst performance, Co and Fe presented a negative one. The 149 
lower carbon yield in the decomposition of synthetic biogas (CH4/CO2 mixture) using Ni-Co alloys 150 
with respect to that of Ni alone was already reported in a previous work [39]. Cu-doped catalysts 151 
yielded higher carbon formations and longer activity times at any operating temperature, except at 152 
550 °C where the undoped catalyst is deactivated slightly later. Likewise, Cu catalyst was active at 153 
temperatures above 700 °C, where undoped, Co- and Fe-doped catalysts did not show activity. 154 
Changes in the chemistry of the Ni(x)Cu(1-x) particle reduce its catalytic activity at high temperature 155 
and cause its rapid deactivation [49]. The possibility of operating at temperatures above 700 °C has 156 
positive repercussions on both the methane conversion and the crystallinity of the resulting carbon 157 
nanofilaments [7, 50, 51]. Fe doping also improved the Ni catalyst performance at high temperature 158 
but in a lower temperature range than that observed for Cu: Ni-Fe/Al presented a slightly higher Cmax 159 
than the undoped catalyst at 700 °C as can be seen in Figure 4a. In other works it was found that 160 
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higher Fe contents in Ni-Fe catalysts than those used in this work can exhibit activity at 750 °C [17]. 161 
As mentioned before, the activity time of a catalyst in CDM is linked not only to the dopant used but 162 
also to the operating temperature: the CFRmax increased as the temperature did as shown in Figure 163 
4b. It is convenient that this CFRmax is reached in a shorter time. Thus, doped catalysts shortened the 164 
CFRmax time at lower temperatures (550 and 600 °C) compared to that shown by the Ni/Al catalyst. 165 
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 167 
Figure 4. (a) Accumulated carbon (expressed as gC gNi+Do-1) until the catalyst deactivation; and (b) 168 
maximum CFR, both as a function of time (td and time to CFRmax) and operating temperature.  169 

Catalysts were also tested in the CDM using a quartz FBR in order to follow the outlet gas 170 
evolution by CG and obtain more realistic results of the carbon formation (larger scale and better 171 
catalyst/gas effective contact). Methane conversion and accumulated carbon at an operating 172 
temperature of 650 °C are shown in Figure 5. At this temperature, catalysts showed initial CH4 173 
conversions in the range 34-40 % (see Figure 5a). Catalysts were deactivated after 30 min of CDM 174 
except in the case of Ni-Cu/Al which showed more stability and activity during the reaction. This 175 
catalyst also duplicates the accumulated carbon at the end of the run with respect to the other 176 
catalysts tested (Figure 5b): Co or Fe doping slightly worsens the performance of the undoped 177 
catalyst. For this doping degree, only Cu promotes the formation of solid solutions with a lattice 178 
parameter more effective for the carbon diffusion. As mentioned above (see Figure 3), catalysts 179 
presented several types of crystalline systems but only Cu achieved an expansion of the crystalline 180 
structure (in addition to increasing its weight fraction) in the larger nickel particles (Ni”) which were 181 
found effective in the additional formation of large filamentous carbon structures, as it will be 182 
discussed in Section 3.3. Regarding the deactivation observed by the catalysts, this is due to the 183 
blockage of their active sites by encapsulating carbon [52], and it has been intentionally sought in 184 
order to better observe the behavior of the catalysts. Deactivation could be minimized by working at 185 
lower space velocity of methane [51].  186 

 187 
 188 
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Figure 5. Tests in quartz FBR: (a) methane conversion; and (b) accumulated carbon during CDM tests 190 
of 120 min long and operating temperature of 650 °C.  191 

2.3 Characterization of the carbon nanofilaments 192 
As-produced nanostructured carbon products were analyzed chemically, texturally and 193 

structurally by elemental analysis, N2 physisorption and XRD, respectively, and their respective 194 
results are summarized in Table 1. Due to the high performance of the catalysts in the CDM reaction, 195 
the carbon content was high (> 95.8 wt. %) in the carbonaceous products (which included carbon and 196 
used catalyst). Ni-Cu/Al showed a higher carbon formation in the CDM, so the resulting 197 
carbonaceous sample had a lower metal content from the catalyst (1.52 wt. %) and a higher SBET (130 198 
m2 g-1). Co- and Fe-doped catalysts showed SBET values similar to that of the undoped catalyst (90 m2 199 
g-1). In addition to the carbon fraction, the resultant SBET in each case depends on the nanofilament 200 
diameter distribution, being larger in products with a narrower diameter distribution [53, 54]. The 201 
mesoporosity (measured as: SBET - Smic) of each sample is determined by the crosslinking degree of the 202 
carbon nanofilaments, which is more intimate in samples of narrow nanofilaments. On the other 203 
hand, the microporosity is attributed to surface defects in the nanofilament outer surface, and it is 204 
also higher (both in absolute value and in surface fraction) in the carbon product from Ni-Cu/Al 205 
catalyst (39 m2 g-1). The structure of the carbon nanofilament is very different depending on the 206 
catalyst used (vide infra) and, for example, the structural arrangement of the graphene planes had a 207 
direct impact on the type of exposed surface and its contribution to microporosity: graphene edges 208 
and exposed graphite stacks contribute to increase microporosity. The graphite formation, confirmed 209 
by the presence of its main plane (002) about 26.1-26.3°, can be observed in the diffractograms of the 210 
carbon products shown in Figure 6. In addition to the (002) plane, reflections of the (100), (101), (004) 211 
and (110) graphite planes are also identified [55]. The (002) peak shifted to higher 2θ angles when Ni-212 
Cu/Al was used in the CDM reaction, which corresponds to a slight reduction of d002. As seen in 213 
Section 3.1, a Ni(x)Cu(1-x) alloy presents a higher lattice constant (in both Ni’ and Ni”) than that of 214 
unalloyed Ni, what makes the crystallographic similarity of the (111) alloy and the (002) graphite 215 
planes more precise [18, 34]. In addition, Lc grew in carbon sample obtained from Cu-doped catalyst. 216 
On the other hand, Co or Fe dopants were not so influential in carbon formation. In Fe catalysts, the 217 
participation of the Ni3Fe phase in the graphite stacks formed cannot be consistently understood in 218 
view of its low content in the catalyst. Finally, the crystalline phases from the used catalysts Ni and 219 
Ni3Fe were also detected in the diffractograms. 220 

 221 
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 223 
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 226 
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Table 1. Elemental composition and textural and structural parameters of the carbonaceous products. 227 
 

Elemental Analysis (wt. %) SBET a 

(m2 g-1) 
Smic b 

(m2 g-1) 
2θ Pos. 

(°) 
d002 

(nm) 
Lc 

(nm) 
 

C H N S O Metals 
Ni/Al 96.70 0.13 0.03 0.00 0.30 2.84 90 16 26.14 0.3407 5.6 
Ni-Co/Al 95.84 0.14 0.00 0.00 1.04 2.98 96 19 26.19 0.3400 5.5 
Ni-Cu/Al 97.80 0.22 0.07 0.00 0.39 1.52 130 39 26.29 0.3387 6.5 
Ni-Fe/Al 96.23 0.13 0.03 0.00 0.25 3.36 91 15 26.15 0.3405 5.5 

a BET surface area. b t-plot micropore area. 228 
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Figure 6. Diffractograms of the carbonaceous products. 231 

The presence of catalytic particles with different size and/or lattice constant, as seen in Section 232 
3.1, resulted in the formation of carbon nanofilaments of different diameter and structure. SEM 233 
micrographs showing the bulk appearance of the carbon nanofilaments produced using different 234 
catalyst are presented in Figure 7. Those obtained over Ni-Cu/Al catalyst (Figure 7c) exhibited a very 235 
different aspect ratio as respect to the undoped and Fe- and Co-doped. This sample presented wider 236 
but shorter carbon nanofilaments and a high heterogeneity in diameters, which is in agreement with 237 
the highest carbon formation observed during the CDM tests. To appreciate the type of structure 238 
obtained with each catalyst, images of the samples have been acquired by TEM (Figure 8 and Figure 239 
9). As it has been previously reported [20, 34, 50], Ni and Ni(x)Cu(1-x) alloys form fishbone carbon 240 
nanofibers at 650 °C. In this kind of carbon nanofilaments, the graphene layers form a certain angle 241 
(α) with respect to the growth axis, which is related to the catalytic particle shape during reaction. 242 
However, α, diameter, length and inner hollow in carbon nanofilaments are different between 243 
samples. Ni-Cu/Al catalyst showed large blunt particles of Ni(x)Cu(1-x) (determined by in situ EDX; 244 
Figure 9g) and their involvement in the formation of highly wide carbon nanofibers (diameters in the 245 
range of 150-600 nm), which were not observed in any other sample. These particles are characterized 246 
by having in some cases growth faces on both sides of the particle and form nanofibers with a more 247 
open angle α (Figure 9e-g), what may also explain the higher microporosity of this sample (Table 1). 248 
On the other hand, diamond-shaped particles with sizes between 6 and 35 nm were found in all 249 
samples, and formed nanofibers with closed angles α. The formation of carbon nanofibers instead of 250 
carbon nanotubes is due to the type of carbon diffusion. In the case of CNF, the carbon diffusion is 251 
mostly through the catalytic particle (bulk diffusion) [56]. On the other hand, narrow CNF were 252 
observed in all catalysts and were attributed to the presence of small Ni particles (Ni’), which also 253 
presented a wider inner hollow core, whose formation has been ascribed to the effect of the catalytic 254 
particle size [4], and it is also conditioned by the type and rate of the carbon diffusion in the catalytic 255 
particle [56-58]: a high diffusion rate (e.g. at higher temperatures) or a surface diffusion result in the 256 
hollow core formation. Regarding the morphology of the carbon nanofibers obtained from Co- or Fe-257 
promoted catalysts, they did not show significant differences (especially in the case of Co) with 258 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 July 2018                   doi:10.20944/preprints201807.0213.v1

Peer-reviewed version available at Catalysts 2018, 8, 300; doi:10.3390/catal8080300

http://dx.doi.org/10.20944/preprints201807.0213.v1
http://dx.doi.org/10.3390/catal8080300


 

 

respect to the undoped catalyst. XRD characterization of these catalysts (Section 3.1) revealed that Fe 259 
and Co influence on the crystalline system of the alloy formed in each case was significantly lower as 260 
compared to Cu addition. However, Fe-catalyst presented a higher fraction of large particles of Ni 261 
(Ni”) and the presence of narrow nanofibers is more difficult to appreciate in the TEM images. 262 
Likewise, small (∼ 10 nm) Ni3Fe alloy particles detected by EDX were active in the CDM reaction 263 
since they were found at the end of narrow nanofilaments (see STEM image in Figure 9l). In the case 264 
of Co, its presence may cause the formation of nanofilaments close to the nanotube structure, that is, 265 
with the graphite planes parallel to the longitudinal axis of the nanofilament. This effect has been 266 
previously reported using Co and Ni-Co/Al2O3 catalysts with higher Co contents [39]. In the TEM 267 
images of the nanofilaments obtained using Ni-Co/Al it was observed a higher presence of nanofibers 268 
with an inner hollow. According to the above, it could be assumed that for the doping content studied 269 
(5 mol. %), only Cu formed an alloy with a lattice constant high enough to favor the bulk carbon 270 
diffusion against surface diffusion, which resulted in a higher carbon formation and the obtention of 271 
denser carbon nanofibers. However, doping with Co and Fe resulted in nanofilaments with different 272 
graphitic arrangement as expenses of lower catalytic activity. 273 

 274 

 275 

 276 
Figure 7. SEM micrographs of the carbon nanofilaments obtained on (a) Ni/Al; (b) Ni-Co/Al; (c) 277 
Ni-Cu/Al; and (d) Ni-Fe/Al.  278 

a) b) 

c) d) 
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 279 

 280 
Figure 8. (a-c) TEM; and (d) STEM images of CNF obtained on Ni/Al.  281 

 282 

 283 
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 285 

 286 

 287 

 288 
Figure 9. TEM and STEM images of CNF obtained on (a-d) Ni-Co/Al; (e-h) Ni-Cu/Al; and (i-l) 289 
Ni-Fe/Al.  290 
 291 

3. Materials and Methods  292 

3.1 Preparation of the catalysts 293 
Ni/Al2O3 (molar ratio: 4:1) catalysts were prepared, in which Ni acts as active phase in the CDM 294 

reaction and Al2O3 as textural promoter. The molar ratio of the starting catalyst components was 295 
selected according to prior works [21, 23]. Fresh catalysts (oxides before reduction) were synthesized 296 

Ni-Cu 

Ni-Cu 

Ni3Fe 

e) f) 

g) h) 

i) j) 

k) l) 
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by the fusion method from a mixture of Ni(NO3)2 and Al(NO3)3, and subsequent calcination in air at 297 
350 °C during 1 hour and subsequent calcination at 450 °C for 8 hours [20, 59]. Ni-Co/Al2O3, 298 
Ni-Cu/Al2O3, and Ni-Fe/Al2O3 bimetallic catalysts were prepared including Co(NO3)2, Cu(NO3)2 or 299 
Fe(NO3)3 in the synthesis, respectively, for a final dopant content of 5.9 molar % in the reduced 300 
catalysts (after reduction), which corresponds to a Dopant/Ni molar ratio of 0.08. The fresh-catalyst 301 
powders were sieved to particles in 100−200 μm range, and then subjected to a reduction step. This 302 
last step was carried out in the CDM reactor (thermobalance or quartz reactor), thus obtaining the 303 
final catalysts whose nominal molar compositions correspond to (75.5:5.9:18.6) in Ni-Do/Al2O3, where 304 
Do is the dopant element: Co, Cu or Fe. For simplicity, catalysts are labeled as Ni/Al, Ni-Co/Al, Ni-305 
Cu/Al and Ni-Fe/Al, as appropriate, hereinafter. 306 

3.2 Experimental facilities and CDM tests 307 
The behavior of the catalysts in the CDM reaction was first evaluated in a thermobalance (CAHN 308 

TG-2151) at different temperatures (550, 600, 650, 700 and 750 °C) until deactivation (10 h). The 309 
activity of each catalyst was recorded gravimetrically via the sample weight changes due to 310 
progressive carbon formation during reaction [59, 60]. Briefly, 10 mg of fresh catalyst was reduced at 311 
650 °C under H2 flow (1 lN h-1) until weight stabilization, and then used in the CDM reaction using a 312 
pure CH4 stream (99.99 %; 1 lN h-1). Additionally, catalysts were evaluated and compared at higher 313 
scale magnitude for a selected temperature in a quartz fixed-bed reactor (FBR) of 18 mm i.d, 750 mm 314 
height. In this case, fresh catalyst (50 mg) was subjected to a reduction under H2 flow (6 lN h-1) at 650 315 
°C for 1 h, and then used in the CDM reaction at 650 °C using a CH4 flow rate of 6 lN h-1 (120 lN gcat-1 316 
h-1). During reaction, the outlet gas (composed exclusively by CH4 and H2) from the FBR was analyzed 317 
by gas chromatography (GC) using a micro GC (HP Varian CP 4900) equipped with two packed 318 
columns (MS5 Molecular Sieve and Q-type Porapack) and a TCD. Likewise, an estimation of carbon 319 
accumulated, gC (g), was determined from the methane conversion (χCH4

) evolution by the equation: 320 
gC= MC

Vm
FCH4 χCH4

 dtt
0 ,        (1) 321 

MC is the carbon molar mass (12.01 g mol-1), Vm is the CH4 molar volume (l mol-1), FCH4 (l h-1) is 322 
the CH4 flow rate fed, and t (h) is the run time. However, gC will be expressed per gram of active 323 
phase (Ni or Ni + Do when Co, Cu or Fe are present in the catalyst formulation) in the catalyst for a 324 
suitable comparison.  325 

3.3 Characterization techniques 326 
The fresh catalyst reducibility was studied by temperature-programmed reduction (TPR) using 327 

an AutoChem Analyzer II 2920 (Micromeritics) provided with a TCD. TPR profiles were acquired 328 
from 10 mg of fresh catalyst, which were subjected to a H2 (10%)/Ar stream (50 ml min-1) from room 329 
temperature to 1000 °C using a heating rate of 5 °C min-1. The structural characterization of catalysts 330 
and carbon nanofilaments was carried out by X-ray diffraction (XRD) in a Bruker D8 Advance Series 331 
2 diffractometer. The angle range scanned was 20°-80° using a counting step of 0.05° and a counting 332 
time per step of 3 s. Diffractograms were fitted for the determination of lattice parameters, crystallite 333 
sizes and crystalline phase fractions using the structure analysis software TOPAS (Bruker AXS) and 334 
Rietveld refinement. Interlayer spacing (or d-spacing) of the graphite phase, d002, and its mean 335 
crystallite size along c axis (transverse to the graphene planes), Lc, were calculated applying Bragg’s 336 
Law [61] and the Scherrer formula with a value of K = 0.89 [61], respectively. BET specific surface area 337 
(SBET) and micropore surface area (Smic) were calculated by applying the BET and t-plot methods, 338 
respectively, to the adsorption isotherms measured by N2 adsorption at 77 K (Micromeritics 339 
ASAP2020). Carbonaceous product composition was determined by elemental analysis (Thermo 340 
Scientific FlashEA 1112 analyzer). The morphology of carbon nanofilaments was visualized by 341 
scanning electron (SEM; Hitachi S-3400N) and transmission electron microscopy (TEM; Tecnai F30 of 342 
FEI). The latter was also used as scanning transmission electron microscopy (STEM) allowing the use 343 
of a coupled energy-dispersive X-ray spectroscope (EDX) for in situ chemical composition analysis.  344 
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4. Conclusions 345 
• Co, Cu and Fe were studied as dopants of Ni in Ni/Al2O3 catalysts for the obtention of carbon 346 

nanofibers in the CDM reaction. Dopant addition had different catalytic effects depending on 347 
the metal used: while Cu had a positive effect on the catalyst activity, Co and Fe presented a 348 
negative one, although all shortened the time to achieve the maximum carbon formation rate at 349 
lower operating temperatures (550-600 °C). 350 

• Cu-doped catalysts yielded higher carbon formations and longer activity times at any operating 351 
temperature in the range 550-750 °C. Likewise, Cu catalyst was active at temperatures above 700 352 
°C, where undoped, Co- and Fe-doped catalysts did not show activity.  353 

• In case of Fe doping, the formation of Ni3Fe was observed, but this did not improve the behavior 354 
of the undoped catalyst in the CDM although it was active in this reaction with the formation of 355 
narrow carbon nanofilaments. As Cu, Fe also improved the performance of the Ni catalyst at 700 356 
°C presenting a slightly higher carbon formation than the undoped catalyst.  357 

• Characterization of the bimetallic catalysts showed the formation of Ni alloys and the presence 358 
of a bimodal distribution of particle sizes. Cu achieved an expansion of the Ni crystalline 359 
structure (in addition to increasing its weight fraction) in the larger nickel particles which was 360 
found effective in the additional formation of large carbon nanofibers. For the doping content 361 
studied (5 mol. %), only Cu formed an alloy with a lattice constant high enough to be able to 362 
favor the carbon diffusion against surface diffusion, resulting in a higher carbon formation and 363 
the obtention of denser carbon nanofibers. 364 
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