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Abstract

Fe-Co/Al2O3 catalysts were developed and tested in the catalytic decomposition of methane 

(CDM) for the synthesis of multi-wall carbon nanotubes (MWCNT) and the CO2-free hydrogen 

production. While Fe (54.5-66.7 mol. %) is the main active phase for the carbon formation on 

the catalyst, Co acts as dopant aiming to improve its overall catalytic behaviour. Catalysts with 

Co contents of up to 18.2 molar % showed the presence of α-Fe and Fe-Co crystallites with 

different size and lattice parameter. Fe1-xCox alloy with bcc crystal system was identified only 

for Co contents of 14.0 % and above, and presented a lattice constant lower than α-Fe, which 

would modify the carbon diffusion of the metal particle during the MWCNT growth. Co 

inhibited the Fe3C formation during CDM resulting in higher carbon formations and longer 

activity times. This phase, shown in undoped catalysts, favored the presence of bamboo-type

carbon nanotubes.
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1. INTRODUCTION

Current hydrogen production is mainly based on the transformation of fossil fuels through 

processes whose emission of CO2 requires stages of sequestration or capture [1]. Among these 

processes, natural gas steam reforming is the most widely used resulting in large emissions of 

this gas (0.3 m3 minimum per m3 of hydrogen produced) [2]. Under the approach of avoiding

the formation of CO2 in origin, the one-step decomposition of methane into hydrogen and solid 

carbon (CH4 → C + 2H2, ΔH0 = 75.6 kJ mol-1) is considered as an alternative to consider if the 

process can be carried out within economic limits that allow its commercial development. In 

this way, the catalytic decomposition of methane (CDM) is presented as a fully green one-step 

technology that makes the hydrogen production viable thanks to the generation of high-added 

value nanostructured carbon [3]. Carbon nanofilaments such as carbon nanofibers (CNF) and 

nanotubes (CNT) are produced by using metallic catalysts, usually based on Ni, Co or Fe as 

active phases, that in turn moderate the temperature of methane decomposition [4]. Ni- and Co-

based catalysts present higher activity in the formation of filamentous carbon by methane 

decomposition; however, accelerated deactivation occurs when used at temperatures above 

650 ºC [4-6]. Alternatively, Fe catalysts, cheaper and greener than those based on Co or Ni,

operate at higher temperatures, which thermodynamically favours the methane conversion and 

improve the structural order of the nanofilaments obtained [7-12].

The modification of the crystalline structure of a specific active phase by doping with transition 

metals may result in alloys with different solubility and carbon diffusion, either through or on 

the surface of the metal particle. Thus, carbon nanofilaments in higher yield or with a different 

morphology -dimensions (length and diameter) and arrangement and size of the graphite stacks-

, can be obtained [4, 5, 8, 13]. In this sense, Fe-based catalysts, with Co, Mo, Ni, Pd, Cu or Mn 

as dopants, showed different features in its use in the CDM [4]. An incremented yield of carbon 

and the formation of few-wall CNT by methane, ethylene or acetylene decomposition have been 
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reported using bimetallic catalysts of Fe including Co or Mo as the dopants [14-34]. Likewise, 

ferromagnetic properties in Fe-Co alloys have been used in catalytic processes due to their easy 

recovery after use [35, 36]. Flahaut et al. proved that Co addition enables the synthesis of single-

wall carbon nanotubes (SWCNT) through the formation of Fe1-xCox alloys [14]. For x < 50.0 

%, carbon yield was increased as compared to the undoped Fe catalyst. Also, the Co catalyst

exhibited lower carbon yield than those obtained with Fe and Fe-Co catalysts under conditions 

aimed to synthesize SWCNT such as 1070 ºC, 6 min time and low H2/CH4 flow rates. Using 

Al2O3 as the support, L.B. Avdeeva, T.V. Reshetenko et al. [17-19] stated the catalytic activity 

of Fe, Co an Fe-Co-based catalysts for the CDM in the order: Co < Fe < Fe-Co.

The use of Fe catalysts implies the possible formation of Fe3C during reaction with the carbon 

precursor. Fe3C is temperature-dependent and may also catalyze the carbon nanotube 

formation, but it presents lower bulk carbon diffusion than Fe [37-39]. The diffusion coefficient 

of carbon trough α‐Fe in the 600-725 ºC range is few orders of magnitude larger than that 

through Fe3C [40, 41], and therefore the former will produce larger nanofilaments in the same 

period. However, this difference could be larger since some authors indicated that α‐Fe catalysts 

form CNT by surface carbon diffusion [42, 43]. He et al. showed that the Fe3C phase is more 

abundant in low-temperature synthesis and it seems to favor the formation of MWCNT with 

bamboo type structure [44]. According to the same study, at temperatures of 725 ºC and above, 

only Fe particles catalyse the growth of straight carbon nanotubes. However, the control of the 

iron phase (α‐Fe or Fe3C) in the CVD process is not total yet [44]. The addition of a secondary

element hinders the carbon diffusion in Fe if these can form carbides at the operating conditions 

to produce carbon nanotubes such as Cr, W or Mo [38, 45]. In the case of Co doping, the 

diffusion coefficient of carbon will increase or decrease as a function of concentration and 

temperature [46]. 



4

In the present work, the effect of cobalt and its concentration (up to 18.2 mol. %) on the 

preparation of active massive -Fe catalysts (44.2-52.3 wt. %) for the obtention of MWCNT 

by methane decomposition is studied. Catalytic activity was evaluated in terms of carbon 

formation by an own thermogravimetric method whose effectiveness in the evaluation of 

catalysts for the CDM reaction was previously demonstrated [29, 47, 48]. Likewise, the fusing

method used for catalyst preparation has hardly been studied in the preparation of bimetal 

catalysts and the obtention of alloyed nanoparticles. The comparative evaluation of undoped 

and Co-doped catalysts comprises the MWCNT yield and physicochemical characteristics, and

operating conditions including temperature and mode (isothermal and temperature-

programmed). Catalysts and carbon products were thoroughly characterized by XRD, N2

physisorption, TGA with air and TEM, addressing the effect of the aforementioned variables 

on the formation or not of Fe3C and bcc-structured Fe1-xCox phases, and its influence on the 

carbon diffusion during the carbon nanotubes growth.

2. MATERIALS AND METHODS

2.1 Preparation of Fe and Fe-Co catalysts

Fe/Al2O3 and Fe-Co/Al2O3 catalysts (Fe/Al2O3 molar ratio: 2:1, [49]) were prepared, where Fe

and Co act as the active phase in the CDM reaction and Al2O3 as the textural promoter. Fresh 

catalysts (before reduction) were synthesized by the fusing method from the mixture of 

Fe(NO3)3·9H2O, Co(NO3)2·6H2O and Al(NO3)3·9H2O, and subsequent calcination in air at 450 

ºC and 2 h [29, 50]. Fe2O3-Co3O4/Al2O3 catalysts were synthesized with Co3O4 in different 

loadings: 2.5, 5.0, 7.5 and 10.0 molar %. After the reduction of Fe2O3 and Co3O4 into Fe and 

Co (step carried out in the TGA and described in the next section), respectively, catalysts 

presented 4.9, 9.5, 14.0 and 18.2 molar % in Co and a Fe/Al2O3 ratio of 2:1. The catalysts will 
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be expressed hereafter in either of their two forms, fresh or reduced, indicating only the Co3O4

or Co molar content, respectively.

2.2 CDM tests

The CDM reaction was evaluated in a CAHN TG-2151 thermobalance. The activity evolution 

of the catalysts was recorded gravimetrically via sample weight changes due to the progressive 

formation of carbon during reaction [29, 47, 48]. Two modes of operation were used: 

temperature-programmed mode from 400 to 900 ºC (at 10 ºC min-1) and isothermal mode (at 

650, 700, 750, 800 and 850 ºC). In a typical run, 10 mg of fresh catalyst was first reduced at 

750 ºC under H2 flow (1 lN h-1, also during the heating ramp) until weight stabilization, and then 

used in the CDM using a pure CH4 stream (1 lN h-1; 99.99 %) until catalyst deactivation (10 h 

maximum). The desired starting temperature for the CDM step, regardless of the operation

mode, is reached in N2 flow. For clarity purposes, the product obtained in a test is identified as 

MWCNT-X, where X corresponds to the catalyst used in the synthesis.

The hydrogen generated ( ) during the CDM reaction was calculated from the amount of 

carbon produced (mC) in the TGA according to the stoichiometry of the methane decomposition 

reaction (CH4 → 2H2 + C):

VH2 l = 2 · 
mC (g)

MWC

· 22.4 

2.3 Characterization techniques

The reducibility of fresh catalysts was studied by temperature-programmed reduction (TPR) in

an AutoChem Analyzer II 2920 provided with a TCD (Micromeritics), using a H2 (10%)/Ar 

stream and a 10 ºC min-1 heating ramp. TGA of MWCNT was carried out in a NETZSCH TG 

209 F1 Libra thermobalance using a heat rate of 5 ºC min−1 and air. Diffractograms of catalysts 

and MWCNT were carried out by X-ray diffraction (XRD) in a Bruker D8 Advance Series 2 
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diffractometer. Lattice parameters, crystallite sizes and crystalline phase fractions were 

determined using the software TOPAS (Bruker AXS) and Rietveld refinement. In the case of 

MWCNT, interlayer spacing (d002), and the mean crystallite size (Lc) were calculated applying 

Bragg’s Law [51] and the Scherrer formula with a value of K = 0.89 [51], respectively. The 

graphitization degree (g) of MWCNT was calculated from the equation of Mering and Maire 

[52, 53]. BET specific surface area (SBET) was calculated by applying the BET method to the 

adsorption isotherms of MWCNT measured by N2 adsorption at 77 K (Micromeritics 

ASAP2020). Total pore volume (Vt) was calculated from the adsorbed volume of N2 at 

p/p0 = 0.97. Finally, the morphology of MWCNT was visualized by TEM (Tecnai F30, FEI), 

using a microscope equipped with a cannon of 300 KeV and a maximum resolution of 1.5 Å. 

Carbon products were firstly grounded and dispersed in ethanol. Then, a drop of solution was 

deposited and dried on a TEM copper grid with a lacey amorphous carbon film.

3. RESULTS

3.1 Characterization of Fe and Fe-Co catalysts

Initially, the reducibility of the fresh catalysts was studied by TPR, and the resulting profiles 

are shown in Figure 1. Fe2O3/Al2O3 catalyst showed three well-differentiated reduction regions

(labeled as I, II and III). The first H2 consumption peak, around 360 ºC, is assigned to the 

reduction of Fe2O3 into Fe3O4 [54], whereas the second peak at 575 ºC corresponds to the two-

step reduction sequence: Fe3O4 → FeO → α-Fe [55]. The third region starting from 750 ºC was 

ascribed to the reduction of mixed oxides and Fe (III) aluminates to Fe (II) aluminates and α-

Fe [54]. Co doping shifted the TPR profiles of the Fe-Co catalysts to lower temperatures, 

pointing out to an increase in the reducibility of Fe-Co catalysts. This can be tentatively 

attributed to a weaker metal/textural promoter interaction and the presumably easier reducibility 

of the Fe-Co alloys. In the case of high Co content catalyst, a new reduction peak (or peaks),
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centred around 465 ºC, was observed in Region II. This peak is ascribable to the step-wise 

reduction of Co3O4 to Co through the intermediate CoO [31, 36]. Likewise, the interaction 

between Fe and Co is also possible due to the simultaneous reduction observed. According to 

these reduction profiles, temperatures above 700-750 ºC would guarantee the almost complete 

reduction into its metallic state of the Co and Fe oxides or its alloy.
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Figure 1. TPR profiles of the fresh catalysts.

Diffractograms of the fresh and reduced catalysts for different Co loadings (as Co3O4 or Co, 

respectively) are shown in Figure 2. Additionally, Table 1 collects the crystal sizes and lattice 

parameters of Fe and Fe-Co phases in fresh and reduced catalysts. All fresh catalysts (Figure 

2a) showed typical reflections of α-Fe2O3 (hematite, trigonal crystal system) [56]. The absence 

of Al2O3 reflection indicates that this phase may be in an amorphous state [29, 57]. The intensity 

loss of the Fe2O3 reflections in the fresh catalysts as a result of Co addition is attributed to a 

reduction in the size of the Fe2O3 particles (see Table 1) due to the intercalation of Co atoms in 

its crystal structure. The effect of Co as dopant has previously demonstrated for Fe-based

catalysts [19, 24]. A similar loss of crystallinity in Fe2O3 was reported after doping Fe/Al2O3

catalysts with Mo, which resulted in smaller crystals [29]. In this case, Fe2O3 size was 

drastically reduced from 17.7 to 7.8 nm for undoped and Fe2O3-Co3O4(10.0)/Al2O3 catalysts, 
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respectively. Indeed, a gradual reduction in the Fe2O3 crystal domain size is observed as the 

Co3O4 content increased. In all cases, Fe2O3 crystal domain size was below 30 nm (see Table 

1). Below this size, S. Takenaka et al. certified the presence of α-Fe and Fe3C phases during 

the decomposition of methane [58]. Likewise, M.A. Ermakova et al. stated that both species 

are active in the CDM reaction allowing a gradual accumulation of carbon during nanofilament 

growth [52]. Additionally to the Fe2O3 phase, Co-doped catalysts, especially Fe2O3-

Co3O4(7.5)/Al2O3 and Fe2O3-Co3O4(10.0)/Al2O3, revealed the presence of very small 

reflections of Co3O4 indexed as the fcc phase with space group Fd3m [59, 60]. Besides, the 

presence of smaller CoFe2O4 composite reflections (being its main peak at 36º) in the Fe2O3-

Co3O4(10.0)/Al2O3 catalyst cannot be discarded, although the assignation is not clear [36]. On 

the other hand, other oxidized Co species (Co2O3 or CoO) as well as species formed upon the 

interaction between Fe and/or Co with Al2O3 have not been detected or are hardly assignable.

Once fresh catalysts were reduced at 750 ºC in a H2 stream (Figure 2b-c), they were analyzed 

by XRD and their corresponding diffractograms were studied. Reduced catalysts presented

typical reflections related to the (110) and (200) planes of the α-Fe bcc system [61]. Unlike 

what was observed for the Fe2O3 crystal size in the fresh catalysts, the α-Fe crystal size 

increased slightly (between 20.3 and 24.9 nm) after reduction as Co content in the catalyst 

increased. Likewise, the presence of Fe2O3 was not observed in any reduced catalyst, which

demonstrates the effectiveness of the selected reduction temperature as previously discussed 

(see Figure 1). Likewise, Co metal was not detected in the XRD patterns. The crystal sizes of 

α-Fe were larger than those of the α-Fe2O3 on the corresponding fresh catalyst probably due to 

sintering upon the reduction stage. The bcc Fe-Co alloy formation, distinguishable by XRD 

from a Co content of 14.0 at. % and above, was confirmed with the inclusion of a new peak at 

45.5º (see Figure 2c). Although the particle size of Fe1-xCox and α-Fe was similar in each 

catalyst, they presented different phase fractions as showed in Table 1. These differences had 
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an influence on their behaviour in CDM and the MWCNT morphology obtained. Also, the 

lattice parameter of the Fe-Co alloy (2.85 Å) is smaller than that of the α-Fe crystallite (2.87 

Å).
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Figure 2. Powder XRD patterns of a) fresh and b) reduced catalysts. c) Zoom of the (110) plane 

of reduced catalysts.

Table 1. Crystal sizes, lattice parameters and fractions of Fe and Fe-Co phases in fresh and 

reduced catalysts.

Fresh Catalysts Reduced Catalysts
α-Fe2O3

(trigonal)
α-Fe 
(bcc)

Fe1-xCox

(bcc)
(nm) (nm) (a, Å) (wt. %)a (nm) (a, Å) (wt. %)a

Fe2O3/Al2O3 17.7 Fe/Al2O3 20.3 2.870 100.0 - - 0.0
Fe2O3-Co3O4(2.5)/Al2O3 12.8 Fe-Co(4.9)/Al2O3 20.0 2.869 100.0 - - 0.0
Fe2O3-Co3O4(5.0)/Al2O3 10.3 Fe-Co(9.5)/Al2O3 20.9 2.870 100.0 - - 0.0
Fe2O3-Co3O4(7.5)/Al2O3 10.3 Fe-Co(14.0)/Al2O3 22.4 2.869 93.1 22.0 2.847 6.9
Fe2O3-Co3O4(10.0)/Al2O3 7.8 Fe-Co(18.2)/Al2O3 24.9 2.869 91.6 24.0 2.846 8.4

a = Phase fraction.

3.2. Thermogravimetric analysis of Fe-based catalysts 

The effect of Co doping of Fe-catalysts on carbon deposition as a function of temperature 

(temperature-programmed mode CDM tests) is shown in Figure 3. Co doping (any content) 

resulted in higher carbon formations (Figure 3a) and higher carbon formation rates (CFR, 

Figure 3b) than those obtained using the undoped catalyst. Maximum accumulated carbon and 

CFR were obtained for contents of Co around 9.5-14.0 at. %. As seen above, for this Co

contents, the formation of the Fe-Co alloy began to be distinguished (Figure 2 and Table 1). 

Interestingly, Fe-Co(9.5)/Al2O3 showed an intermediate behaviour between Fe-Co(4.9)/Al2O3

and Fe-Co(14.0)/Al2O3 catalysts (see Figure 3a and 3b) with a slow CFR below 600-625 ºC and 

a fast CFR until reaching 800 ºC. This change in behaviour could be motivated by the different 

distribution of metallic phases in each catalyst (see Table 1). Although for undoped and low Co 

content catalysts, CDM is mainly carried out on -Fe crystallites and it is favored at high 

temperature, for high Co content catalysts, the presence of Fe1-xCox improves the CDM kinetics 

at low temperatures. In this sense, Fe-Co catalysts showed better performance in the 650-850
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ºC temperature range, operation window which was isothermally tested as shown in Figure 4

(isothermal mode CDM tests). In this case, data of accumulated carbon per gram of active phase 

(Fe + Co) for Fe/Al2O3 and Fe-Co(14.0)/Al2O3 catalysts during 600 min reaction are presented 

(Figure 4a and 4b, respectively). Moreover, carbon yield and hydrogen production data after 1 

and 10 h (an hourly average is presented in the latter case) of isothermal reaction were 

calculated and they are listed in Table 2. Fe-Co catalyst showed larger carbon accumulation 

than the undoped catalyst at any operating temperature tested. Likewise, 700 and 800 ºC were 

determined as the temperatures of the maximum carbon yield per active phase content for Fe-

Co(14.0)/Al2O3 and Fe/Al2O3, respectively. These values were in the range of the maximum 

CFR observed for each case in the ramp-mode tests (Figure 3b). Besides, the Co-doped catalyst 

exhibited longer activity times than undoped one, especially at low temperatures. Essentially, 

higher temperature provokes a faster deactivation of the catalyst, which is observed by the 

progressive decay in the carbon formation. Fe/Al2O3 and Fe-Co(14.0)/Al2O3 produced 4.31 and 

6.41 gC gFe+Co
-1 (or 2.25 and 3.71 gC gCat

-1) respectively, during the first hour of experiment and 

at their optimal temperatures (800 and 700 ºC). These values are in the range of those reported 

by M.A Ermakova et al. [52] and S. Takenaka [58] for Fe/Al2O3 in the CDM reaction at 700 

ºC (14 gC gFe
-1, total carbon obtained until catalyst deactivation) and 800 ºC (22.5 gC gFe

-1, after 

16 h), respectively, or those published by L.B. Avdeeva, T.V. Reshetenko et al. [17-19] using 

Fe/Al2O3 and Fe-Co/Al2O3 catalysts at 625 ºC (5.5 and 26.5 gC gCat
-1 for Fe/Al2O3 with 90 wt. 

% Fe and 7 h and 50 wt. % Fe and 23 h, respectively, and 16 and 52.4 gC gCat
-1 for Fe-Co/Al2O3

catalysts: 85:5:10 wt.% and 16.5 h, and 50:6:44 wt.% and 40 h, respectively). More recently, 

V.D.B.C. Dasireddy and B. Likozar [32] reported a carbon yield as large as 537 g gCat
-1 obtained 

a 650 ºC after 370 min using a Fe-Co/Al2O3 (25:25:50 wt. %) catalyst and a GHSV of 5000 h-

1. The discrepancies in value between data are mainly due to the different gas flow rates and 

reaction scales used: thermobalance in this study, and fixed-bed quartz reactors or fluidized-
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bed reactors in the mentioned works (> 20 cm3 in volume). The partial pressure of CH4 in 

thermobalance is close to 1, as it can be considered a differential reactor given the high flow 

rate used. On the contrary, fixed/fluidized bed reactors are typically considered as integral 

reactors, and both the partial pressures of CH4 and H2 may vary along the reactor length. This 

implies a much higher initial kinetics in thermobalance, and hence higher deactivation rates as 

compared to fixed/fluidized bed reactor, which results in much higher initial carbon yields. 

Likewise, thermobalance is a very reliable reaction system to screen different catalyst 

composition and the carbon productions (not the carbon yield per gram of catalyst) can be 

significantly increased when the reaction system is scaled up, as previously reported [29].

Regarding the maximum carbon yield, temperatures in the 625-700 ºC range were found to be 

the optimum for the methane decomposition using Fe-Co/Al2O3 catalysts [17-19, 31, 32], while 

this optimum required higher temperatures (> 680 ºC) for undoped Fe/Al2O3 catalysts [29, 52, 

62]. On the other hand, Co catalysts showed a lesser accentuated deactivation than that observed 

for non-doped catalysts, especially at low temperatures (650 and 700 ºC) (see Figure 4). In this 

sense, L.B. Avdeeva, T.V. Reshetenko et al. [17-19] stated higher lifetimes and hydrogen 

productions when Fe/Al2O3 catalysts were doped with Co. Here, Fe/Al2O3 and Fe-

Co(14.0)/Al2O3 produced 8.4 and 13.85 litres of H2 per gram of catalysts at 800 and 700 ºC, 

respectively.
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Figure 3. a) Evolution of carbon accumulated for catalysts during thermobalance ramp-mode 

CDM tests; b) evolution of the CFR vs temperature.
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Figure 4. Time evolution of accumulated carbon per gram of active phase (Fe + Co) for a) 

Fe/Al2O3 and b) Fe-Co(14.0)/Al2O3 catalysts during isothermal-mode CDM tests at different 

reaction temperatures.

Table 2. Carbon yields and (STP) hydrogen productions for Fe/Al2O3 and Fe-Co(14.0)/Al2O3

catalysts after 1 h and 10 h (Tot./h) of isothermal-mode CDM test at different temperatures.

Catalyst T (ºC)
Carbon yield H2 production

mC (gC gFe+Co
-1) mC (gC gCat

-1) VH2(lH2 gFe+Co
-1) VH2(lH2 gCat

-1)
1 h Tot./h 1 h Tot./h 1 h Tot./h 1 h Tot./h

Fe/Al2O3

700 3.14 0.60 1.64 0.32 11.71 2.25 6.12 1.18
750 3.98 0.58 2.08 0.30 14.85 2.14 7.76 1.12
800 4.31 0.64 2.25 0.34 16.08 2.40 8.40 1.25
850 3.39 0.58 1.77 0.30 12.64 2.15 6.61 1.12

Fe-Co(14.0)/Al2O3

650 3.12 0.96 1.81 0.56 11.64 3.60 6.74 2.08
700 6.41 1.28 3.71 0.74 23.91 4.77 13.85 2.77
750 5.33 0.84 3.09 0.48 19.88 3.11 11.52 1.80
800 5.58 0.81 3.23 0.47 20.81 3.00 12.06 1.74
850 5.02 0.69 2.91 0.40 18.72 2.56 10.85 1.48

3.3. Characterization of spent catalysts 

Carbon products (including the catalyst) obtained at 700, 750 and 800 ºC after 600 min 

(isothermal mode) using Fe/Al2O3 and Fe-Co(14.0)/Al2O3 catalysts were characterized by 

XRD, TGA, N2 physisorption and TEM to know the effect of the Co doping of the catalyst on 

the properties of the MWCNT obtained. As seen in Figure 4, the highest carbon formation was 

obtained at this temperature range after 10 h. Diffractograms of samples mainly show the 
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carbon formation with the reflection of the (002), (100) and (004) graphite planes at around 

42.8, 26 and 54º (2θ), respectively [63]. As an example, Figure 5 shows the diffractograms of 

MWCNT obtained at 700 ºC using Fe/Al2O3 and Fe-Co(14.0)/Al2O3 catalysts. The structural 

parameters of MWCNT samples were calculated from (002) plane, including the graphitization 

degree (g), and they are listed in Table 3. The interplanar spacing of MWCNT samples 

decreased from 0.340 to 0.337 nm as the CDM temperature used in their formation did (in the 

range of 700-800 ºC). Besides the spacing, both Lc and g increased from 6.1-6.2 to 8.2-9.1 nm 

and from 45-51 to 78-79 %, respectively, in the temperature range studied. The Co effect on 

the structural parameters of the MWCNT was only evidenced in the Lc parameter; thus, Lc in 

MWCNT-Fe-Co(14.0)/Al2O3 sample were slightly higher than those shown in MWCNT-

Fe/Al2O3 samples, regardless the temperature used. 

In addition to the graphite phase presented in both samples (those showed in Figure 5), α-Fe 

was also observed but with a much higher intensity in the case of Fe-Co(14.0)/Al2O3. On the 

other hand, MWCNT-Fe-Co(14.0)/Al2O3 does not show the carbide in its diffractogram as it 

happens in the MWCNT obtained using the undoped Fe/Al2O3 catalyst. Therefore, the presence 

of Co in the Fe-Co catalysts hinders the formation of orthorhombic Fe3C, as previously reported

[14]. This fact would evidence the existence of different carbon diffusion rates for undoped and 

Co-doped catalysts. While Fe3C exhibits a slow bulk carbon diffusion, it is faster in the case of 

α-Fe, which presents surface carbon diffusion [38, 44]. In the case of α-Fe catalysts, the growth 

of nanofilaments implies the previous formation of the Fe3C phase which decomposes into 

active α-Fe and carbon according to the so-called “carbide cycle” mechanism [52]. Regarding 

the sizes of the different Fe phases (Table 3), Fe presented larger particles (up to 53 nm) at low 

temperatures in Fe/Al2O3 that those observed in Fe-Co(14.0)/Al2O3 (around 21 nm). On the 

contrary, Fe3C particles, which were around 26-29 nm, did not present changes in size with the 

temperature. As discussed below, the Fe phase and its crystallite size will affect the type and 
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diameter of the resulting MWCNT. Evaluating the metal content of both MWCNT samples by 

TGA (Figure 6), those obtained using the Fe-Co catalyst showed a lower amount of residue 

(18.1 wt. %) after combustion in air than that in the MWCNT obtained with the undoped 

catalyst (32.5 wt. %), which as will be seen below is undoubtedly related to the amount of 

carbon formed during CDM.
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Figure 5. Diffractograms of MWCNT obtained at 700 ºC using Fe/Al2O3 and 

Fe-Co(14.0)/Al2O3 catalysts. 

Table 3. Structural parameters of spent Fe/Al2O3 and Fe-Co(14.0)/Al2O3 catalysts after CDM 

during 10 h at 700, 750 and 800 ºC. 

MWCNT sample T (ºC) d002 (nm) Lc (nm) g (%) Fe phases (nm)

MWCNT-Fe/Al2O3

700 ºC 0.3396 6.2 51 Fe = 53; Fe3C = 26.5
750 ºC 0.3385 7.2 64 Fe = 30; Fe3C = 28.6
800 ºC 0.3372 8.2 79 Fe = 27; Fe3C = 26.3 

MWCNT-Fe-
Co(14.0)/Al2O3

700 ºC 0.3401 6.1 45 Fe = 21.5 
750 ºC 0.3387 7.5 65 Fe = 21.1 
800 ºC 0.3373 9.1 78 Fe = 21.4 
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Figure 6. TGA and DTG curves of MWCNT obtained at 700 ºC using Fe/Al2O3 and Fe-

Co(14.0)/Al2O3 catalysts. TGA using air and a 5 ºC min-1 heating ramp.

SBET, Vt and pore distribution of MWCNT-Fe/Al2O3 and MWCNT-Fe-Co(14.0)/Al2O3 obtained 

at 700, 750 and 800 ºC were evaluated by physisorption of N2 at 77 K. Table 4 summarizes 

these textural parameters obtained. Adsorption isotherms (examples of MWCNT obtained at 

700 ºC are shown in Figure 7) can be adjusted to the type IV for mesoporous solids [64]. 

Likewise, the hysteresis cycle detected from p/p0 of 0.4 was classified of type H3 according to 

the IUPAC nomenclature, found in aggregates of particles in the form of plates and pores in the 

form of slit [64]. In samples of carbon nanotubes, H3 hysteresis could be assigned to mesopores 

defined by the crosslinking. Regarding SBET, Co addition increased the values of their 

corresponding MWCNT if compared to those obtained by the undoped catalyst at any 

temperature. MWCNT showed higher SBET and Vt as the carbon formation increased, coinciding 

also the maximum values at those temperatures seen in Figure 4, 800 and 700 ºC for MWCNT-

Fe/Al2O3 and MWCNT-Fe-Co(14.0)/Al2O3, respectively. This behaviour is related to a higher 

presence of carbon (as confirmed by TGA in Figure 6) as the reaction extension is improved 

either by an increase in the temperature or Co addition.
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Figure 7. a) Isotherms of N2 physisorption at 77 K of MWCNT obtained at 700 ºC using 

Fe/Al2O3 and Fe-Co(14.0)/Al2O3 catalysts. b) NLDFT pore width distributions. 

 

Table 4. Textural parameters for MWCNT-Fe/Al2O3 and MWCNT-Fe-Co(14.0)/Al2O3

obtained at different temperatures. 

MWCNT sample T (ºC) SBET (m2 g-1) Vt (cm3 g-1)

MWCNT-Fe/Al2O3

700 ºC 78 0.356
750 ºC 82 0.290
800 ºC 60 0.240

MWCNT-Fe-Co(14.0)/Al2O3

700 ºC 116 0.423
750 ºC 87 0.270
800 ºC 63 0.215

The morphological characterization of MWCNT synthesized at 700 ºC was carried out by TEM

(Figure 8). In addition, histograms of the MWCNT diameter distribution for both samples are 
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also included in Figure 8. In an overall inspection, it is observed that bamboo and straight multi-

walled carbon nanotubes emerge from α-Fe, Fe3C and/or bcc Fe-Co (in case of the Co catalyst) 

particles. MWCNT exhibited a hollow core (up to 15 nm) and a parallel arrangement of 

graphene layers with respect to their longitudinal axes. Bamboo nanotubes present a hollow 

core disrupted by internal walls and its formation has been related to the segregation of the 

metal particles during the growth [52] and/or to a different carbon diffusion in the metal 

particles [44]. For both catalysts, MWCNT diameter had an average value of around 12 nm, 

according to the histograms of the diameter distribution. Although a priori there are no 

significant morphological differences as a function of the catalyst used, doping with Co-doped 

catalyst resulted in nanotubes with a higher presence of straight MWCNT and less amount of 

metallic particles (as evidenced by TGA analysis). Fe3C phase, present in Fe/Al2O3 catalyst, 

has a slow carbon bulk diffusion and promotes the formation of bamboo-like MWCNT, while 

α-Fe exhibits surface diffusion and generates longer nanotubes at the same reaction time [38, 

44]. For this reason, Fe-Co catalyst generated more carbon (longer nanotubes), although the 

participation of bcc Fe1-xCox nanoparticles present in this catalyst cannot be disregarded. Bcc 

crystal system, only identified for Co molar contents of 14.0 % and above, presented a lattice 

constant lower than that measured for α-Fe, and would exhibit a different carbon diffusion rate 

during the CDM. Based on the poorer performance in the CDM of the Fe-Co(18.2)/Al2O3

catalyst (see Figure 3), which showed a higher content of alloyed particles in its composition 

(see Table 1), Fe1-xCox carbon yield may be lower than that obtained for α-Fe particles. 

However, it does not necessarily imply that alloyed particles had a worse carbon diffusion. The 

bbc Fe1-xCox particles could be either synthesizing thinner nanotubes according to their slightly 

smaller particle size or offering a slower carbon diffusion rate as they exhibited a more compact 

crystal system (see Table 1). In summary, a simplified scheme of the formation of MWCNT
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(straight and bamboo) by methane decomposition using -Fe-based catalysts with (Fe-

Co/Al2O3) and without cobalt (Fe/Al2O3) is shown in Figure 9.
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Figure 8. TEM images and histograms of diameter normal distribution of: left) MWCNT-

Fe/Al2O3 and right) MWCNT-Fe-Co(14.0)/Al2O3 obtained by 600 min CDM at 700 ºC.
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Figure 9. Scheme of MWCNT formation by methane decomposition using -Fe-based 

catalysts with (bottom) and without (top) cobalt as the dopant.

CONCLUSIONS

Fe/Al2O3 and Fe-Co/Al2O3 catalysts were developed and tested in the CDM reaction for the 

synthesis of multi-wall carbon nanotubes. Co was introduced in the catalyst formulation to 

obtain a catalyst with improved behaviour in terms of carbon yield and quality. Catalysts with 

Co showed the presence of α-Fe and Fe1-xCox alloy (bcc system) crystallites, the later only 

identified for Co molar contents of 14.0 % and above. Fe1-xCox presented a lattice constant 

lower than that for α-Fe, which would modify the carbon diffusion during the MWCNT growth. 

Co-doped catalysts resulted in higher carbon formations and longer activity times at low 

temperature (≤ 700 ºC), being related to the inhibition of the formation of Fe3C in the non-

doped catalysts during CDM. Fe3C, exhibiting a slower carbon diffusion than offered in α-Fe,

led to shorter MWCNT and a higher formation of the bamboo type when this phase was 

identified in the catalyst. 
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