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 Regardless preparation methods and Fe loading, Fe-Al2O3 catalysts showed the best CMD performance. 

 The selective formation of CNTs over Fe-Al2O3 catalysts is also speculated to be vital for their good 
CMD activity. 

 The graphite is proposed to be spurted out from an unstable over-stoichiometric iron carbide Fe3C1+x 
decomposition back to Fe3C and C. 

 At a low SV of 1.875 L/gcat·h, this catalyst showed a stable methane conversion of c.a. 70% for as long 
as 400 min. 

 

 

 

Abstract 

Conducting catalytic methane decomposition over Fe catalysts is a green and economic route to produce H2 without 
CO/CO2 contamination. Fused 65 wt% and impregnated 20 wt% Fe catalysts were synthesized with different 
additives to investigate their activity, whereas showing Fe-Al2O3 combination as the best catalyst. Al2O3 is 
speculated to expose more Fe0 for the selective deposition of carbon nano tubes (CNTs). A fused Fe (65 wt%)-Al2O3 
sample was further investigated by means of H2-TPR, in-situ XRD, HRTEM and XAS to conclude 750°C is the 
optimized temperature for H2 pre-reduction and reaction to obtain a high activity. Based on density functional theory 
(DFT) study, a reaction mechanism over Fe catalysts was proposed to explain the formation of graphite from unstable 
supersaturated iron carbides decomposition. A carbon deposition model was further proposed which explains the 
formation of different carbon nano materials. 

Keywords: Methane; Decomposition; Hydrogen; Fe; Carbon 

 

1. Introduction 

Hydrogen, combined with fuel cells technology, is a promising vector for clean energy. Nowadays, the annual 
production of hydrogen is about 0.1 Gton/year. However, most of it is obtained from the steam reforming of fossil 
fuels, which inevitably emits a huge amount of CO2 a well-known greenhouse gas. It is estimated that 60Mt H2 today 
are produced from fossils fuels for ammonia and petrochemical, and this is emitting near 500 MT CO2[1, 2]. 

Compared to traditional methane steam reforming (MSR, eq 1), catalytic methane decomposition (CMD, eq 2) is 
an ideal process to produce pure hydrogen without any contamination of CO/CO2[3-7]. Nevertheless, it should be 
pointed out here that, in a real CMD process, due to the reaction between methane and “oxygen” from the catalysts 
(support and/or metal oxides), the emission of CO/CO2 in very low concentration cannot be avoided. We previously 
reported this formation of trace amount CO and CO2 during the initial two minutes during a CMD reaction over Ni 
catalyst[8]. Even though, it is reported that, the energy input requirements per mole of hydrogen for CMD is 
significantly less than that of MSR (37.8 and 63.3 kJ/mol H2, respectively). This makes CMD a “greener” route than 
MSR to produce H2. 

C H 4  +  H 2 O  ↔  C O  + 3 H 2  ∆ H 2 9 8  =  2 0 6 . 2  k J / m o l                     
( 1 ) 

C H 4  ↔  C  +  2 H 2  Δ H 2 9 8  =  7 4 . 8  k J / m o l                     
( 2 ) 

Koerts et al. demonstrated that the rate of methane activation in the presence of metals decreased in the following 
order: Co, Ru, Ni, Rh > Pt, Re, Ir > Pd, Cu, W, Fe, Mo[9]. Over a series of oxidized diamond-supported metal 
catalysts, T. Ando et al. reported the CMD activity following the order: Ni > Pd > Fe, Co, Ru, Rh, Ir, Pt[10]. 
Therefore, Ni based catalysts are the most studied for CMD. CMD reaction over Ni based catalysts is often simplified 
as three key steps as methane activation, carbon nucleation and carbon deposition to grow carbon materials[11]. 
Methane molecules adsorb dissociatively on Ni metal surface (by a C-H bond activation process). It leads by further 
steps carbon atoms with a concomitant desorption of molecular hydrogen. The adsorbed carbon atoms diffuse on the 
surface or through the bulk of Ni metal particle to a suitable area for the formation of graphene sheets formation. We 
previously concluded that the Ni size together with the Ni and support interaction would strongly affect the formation 
of different types of carbon materials including carbon nano tubes (CNTs), carbon nano onions (CNOs) and Carbon 
nano fibers (CNFs)[8]. Recent years, Y. Shen, A.C. Lua [5] discussed in detail CMD performance in terms of 
methane conversion, carbon yield and carbon morphologies over Ni and Ni–Cu alloys with various atomic ratios 
supported on CNTs. The Ni78Cu22/CNT catalyst exhibited the best catalytic performance with a stable methane 
conversion of 80% and a carbon yield of 602 gC/gNi at 700°C. D. Kang and Jae W. Lee [6] synthesized a nickel–



 

carbon–B2O3 core–shell catalysts, which showed excellent CMD activity at 750°C. A special CMD mechanism was 
also proposed to explain this catalyst good CMD activity and stability. While generating CNOs, the encapsulated 
nickel core by carbon deposition was easily escaped through the initial amorphous carbon shell before being 
deactivated. The escaped nickel particle was re-used to produce hydrogen and new CNOs while the remaining CNOs 
without the nickel core were observed in the hollow form. 

However, unlike the MSR which is already industrialized and can be operated for couple of years, the CMD run 
period is rather short due to the catalysts deactivation by carbon deposition to block the catalyst pores and/or 
completely encapsulate the metal and/or plug the reactor. The longest lifetime of reported CMD catalyst is about 
200 h over Ni based catalysts[12]. In most literatures, researchers are trying to regenerate the deactivated Ni catalysts 
by steam regeneration and/or air regeneration [13-18]. Nevertheless, it is obvious that these regenerations will 
produce CO/CO2, which will play against the ‘green’ character of the CMD process. To improve the catalysts life, 
Ni mixed with Cu, Fe, Co, and/or Pd catalysts were investigated in literatures [19-23], whilst none promising results 
has been reported until now.  

Therefore, to make the CMD real green and economic, using a very cheap catalyst to decompose methane into 
hydrogen and without regeneration of the spent catalyst and carbon materials mixtures, is probably a reasonable 
approach. Fe, also has the partially filled 3d orbitals to facilitate the hydrocarbon dissociation via partially accepting 
electrons, is thus a good candidate for this purpose. Fe is known to be more environmental friendly, whilst the price 
of Fe is just 1/200 of that of Ni. Moreover, due to the higher melting point of Fe than Ni, it is found that Fe catalysts 
can operate at higher temperature (700-950°C) than Ni catalysts (500-700°C). This can thus lead to a better 
thermodynamic conversion on Fe catalysts than Ni catalysts, because CMD is an endothermic reaction.  

There are some studies about CMD over Fe based catalysts summarized in Table 1. Because of different selections 
of supports, preparation methods, additives and reaction conditions, the catalysts performances in regarding of 
methane conversion and life time among all these studies are different from each other. There is still no agreement 
on Fe catalysts composition and reaction condition optimization for CMD reaction. In the present work, we try to 
approach the problem by a systematic and comparative study using both fusion and impregnation methods. Doing 
so, we synthesized a variety of Fe-based catalysts to thoroughly investigate the effect of supports, additives, 
activation methods and reaction conditions on their CMD performances. 

 

2. Experimental 

2.1 Catalysts preparation 

Fe(NO3)3·9H2O, Al(NO3)3·9H2O, Mg(NO3)2·6H2O, Ce(NO3)3·6H2O, Cu(NO3)2·3H2O, Co(NO3)2·6H2O, 
Ca(NO3)2·4H2O and N4O12Ti·4H2O were used respectively as precursors for Fe, Al, Mg, Ce, Cu, Ca and Ti. A fusion 
method described in our previous study[31], was used here to prepare Fe based catalysts by directly calcining above 
mentioned Fe precursor with one or two other metal nitrate precursors at 450°C for 3h. The prepared catalysts are 
named as f-Fex-My, while f means fusion method, M represents additives, x and y are the loading of Fe, M 
respectively. For example, f-Fe65-Al3.7 means a fused catalyst with 65 wt% Fe and 3.7 wt% Al, the remains are the 
oxygen. On the other hand, the fusion method is also applied to prepare one metal catalyst, which is designed as f-
M (M is the element). For example, f-Mg means pure MgO sample. 

The impregnation method with Fe(NO3)3·9H2O solution was also used in this work to prepare supported Fe 
catalysts. After impregnation, the samples were dried at 110°C for overnight and then calcined at 450°C for 3h. The 
obtained catalysts are designed as I-Fex-S. The I means the impregnation method, x is the Fe loading, while S means 
the support from γ-Al2O3 (CAS Number 1344-28-1), SiO2(AEROSIL® 200), SiO2/Al2O3 (MCM41, CAS Number 
1318-02-1), SiO2/TiO2 (CAS Number 641731-10G), NaY zeolite (CAS Number 334448), CeO2/ZrO2(CAS Number 
53169-24-7), MgSiO3(Florisil, CAS Number 1343-88-0) or α-Al2O3 (CAS Number 234745). 

2.2 Characterization 

The elemental composition of the samples dissolved in H2SO4/HNO3 was determined by inductively coupled 
plasma atomic emission spectroscopy (ICP–AES) on a Thermo-Electron 3580 instrument. 

Nitrogen adsorption–desorption isotherms was obtained by a Micromeritrics ASAP-2420 surface area and porosity 
analyzer instrument. Before the measurement, the samples were degassed in vacuum at 300°C for 3h. Specific 
surface areas and adsorption–desorption isotherms calculated by Brunauer–Emmett–Teller (BET), and Barret–
Joyner–Halenda (BJH) method, respectively from the adsorption data.  

Both normal and in-situ XRD patterns were collected using a Bruker D8 Advanced A25 diffractometer in Bragg–
Brentano geometry fitted with a copper tube operating at 40 kV and 40 mA and a linear position sensitive detector 
(opening 2.9°). The diffractometer was configured with a 0.36° diverging slit, 2.9° anti scattering slit, 2.5° Soller 
slits, and a Ni filter. The data sets were acquired in continuous scanning mode (0.008°/s) over the 2θ range 15–120°, 



 

using a step interval of 0.04° and a counting time of 5 s per step. The mean crystallite size was calculated using the 
Scherrer equation.  

H2-TPR (temperature programmed reduction) was performed on an Altamira instrument. The catalyst powder (50 
mg) was placed in a U-shaped quartz reactor and pre-treated in flowing Ar (50 mL/min) for 0.5 h at 300°C, followed 
by cooling to room temperature. The temperature was then raised from room temperature to 1000°C at a rate of 
10°C/min under a 5% H2/Ar flow (50 mL/min). A thermal conductivity detector (TCD) was employed to monitor 
the H2 consumption. 

The amount of carbon deposited on the catalyst was also analysed using thermos gravimetric analysis (TGA). The 
spent catalyst powder (20 mg) was placed in an alumina crucible and pre-treated in flowing Ar (50 mL/min) for 0.5 
h at 300°C, followed by cooling to room temperature. The temperature was then raised from room temperature to 
1000°C at a rate of 10°C/min under air flow (50 mL/min). The sample remained heated at 1000°C for a period until 
no weight change was detected. The deposited carbon amount was calculated based on the weight loss. 

To estimate the exposed active Fe0 surface area, H2 chemisorption on the reduced samples were made at 400°C 
and in the pressure range of 10–80 Torr equilibrium pressure range in micromeritics asap 2020 using H2 as titration 
reactant [32].  

Transmission electron microscopy (TEM) samples were prepared by the conventional method of dispersing a small 
amount of sample in ethanol and stirring in an ultrasonic bath for 10 min, allowing the homogenized liquid to settle 
for 5 min and, taking a drop from the top of the vessel to a conventional TEM holder. The nature of the carbon 
deposit, size and properties were observed using high-resolution transmission electron microscopy (HRTEM) 
micrographs obtained from a Titan 60-300 TEM (FEI Co, Netherlands) equipped with an electron emission gun 
operating at 300 kV. Fast-Fourier transform (FFT) analysis was applied to various regions of the high-resolution 
TEM micrographs to investigate the crystal structure of various particles.  

X-ray absorption spectroscopy (XAS) experiments were performed on the CRG-FAME beamline (BM30B), at the 
European Synchrotron Radiation Facility in Grenoble. Samples and references (Fe3C, Fe3O4 and Fe2O3, and FeO) 
standards were all diluted with boron nitride (BN) and compressed into a pellet (5 mm diameter) to allow the 
measurement in transmission mode. For all compounds the dilution level corresponded to the optimal sample 
thickness for transmission experiments (edge jump close to 1). The spectrum of metallic iron was measured with a 
metallic foil and was also used to perform the energy calibration of the monochromator (pseudo-channel-cut/Si (220), 
energy resolution 0.365 eV). The spectra of the iron references are shown in supplementary information. The 
investigated samples are f-Fe65-Al3.7 prepared by fusion method and contacted with a methane flow at 750 °C for x 
min (x=2.5, 5, 7.5, 10, 12.5, 15, 20, 25, 60 and 180 min) in a fluidized bed reactor.  

All XAS data were analyzed using the Demeter package, a graphical interface to the AUTOBK and IFEFFIT 
code[33]. XANES spectra were obtained after performing standard procedures for pre-edge subtraction, 
normalization, and polynomial removal. Principal component analysis (PCA) and linear combination method[34], 
both available in ATHENA, were used to calculate the fraction of various iron phases using the near-edge spectra 
region between 7120 and 7200 eV. During the activation of the pre-reduction and the catalytic decomposition of 
methane, PCA identified five major components. The target transform application of the PCA could reconstruct 
successfully the recorded spectra for Fe, Fe3C, Fe3O4 and FeO references. However, Fe2O3 spectrum was rejected by 
PCA analysis. Linear combination fittings with the four standards identified by PCA were not able to provide 
complete agreements for the whole series of samples. As the hercynite phase (FeAl2O4) was evidenced by powder 
XRD in our previous work with this catalytic system[35], an attempt to reconstruct its spectrum was performed 
(spectrum provided by the ALS Fe XAS database[36]). A satisfactory agreement was obtained and allowed to 
identify the fifth missing principal component. Thus, the FeAl2O4 spectrum was selected as an additional standard 
for the linear combination fitting. Parametrization of the fitting included the respective weights of each references 
spectrum and one additional energy shift parameter for the spectrum of hercynite. The latter parameter was 
introduced to consider a possible difference between the energy calibration of the spectra recorded at ESRF and the 
one from ALS database.  

2.3 Catalytic evaluation 

The CMD performance on the prepared catalysts in this work was conducted in the Microactivity Effi reactor from 
Process Integral Development Eng & Tech S.L. equipped with a long quartz tube reactor (internal diameter: 10 mm; 
length: 305 mm). The fine catalysts powders were pelletized into 150-200 µm before loading into the reactor. The 
reaction temperature was controlled by a thermocouple placed in the center of the catalyst layer. Pure methane was 
used as the feed for CMD. The loaded catalysts were pre-reduced with pure hydrogen at a selected temperature 
between 500-800°C. The outlet gases were screened by online gas chromatography (GC; Varian 450) and micro GC 
(Soprane MicroGC 3000). 

 

 



 

3. Results and discussion 

3.1 Characterization of fresh catalysts 

Regardless of the different additives, XRD patterns over fused Fe-based catalysts in Figure 1(a), almost show only 
characteristic peaks of hematite (Fe2O3), at 2θ = 24.3°,33.4°, 35.8°, 41.2°, 49.8°, 54.5°, 58.1°, 62.3°, 64.4°, 72.6° 
and 75.9°. The position of these diffractions peaks are fitting well with the corresponding (012), (104), (110), (113), 
(024), (116), (018), (214), (300), (1010) and (220) diffraction planes of hematite α-Fe2O3 (PDF Number 33-
0664)[37]. The absence of additives reflection peaks can be considered as resulting from these three factors: (1) 
these additives are amorphous over fused samples; (2) Fe2O3 forms solid solution with these additives oxides with 
the structure of hematite; (3) additives forms very fine oxides particles beyond the detection limit of XRD. The fused 
pure additives XRD tests were also done in Figure 1(b) as references. The results show the characteristic peaks of 
additives corresponding oxides, which denies their amorphous state assumption over fused samples in Figure 1(a). 
The formation of Fe based oxide solid solution has been reported to depend on the preparation method, particularly 
on the final calcination temperature. C. Laurent et al.[38] prepared Al-Fe-oxides solid solution by calcining at 
temperatures between 1025 and 1100°C. The Mg-Fe-oxides solid solution was synthesized by calcination at 732°C 
in air from J.S. Yoo et al.[39]. A.B. Peltekov and B.S. Boyanov[40] reported the formation of Ca-Fe-oxides solid 
solution by calcining at 900-1200°C. The formation of Ti-Fe-oxides solid solution was proved by M. Charilaou et 

al.[41] to be impossible when calcination temperature was lower than 827°C. The formation of Ce-Fe-Oxides solid 
solution was found over samples calcined at temperature ranging from 600 to 900°C by K.Z. Li et al.[42]. Better 
defined Co-Fe-oxides solid solution was synthesized by V. Rives et al.[43] upon calcination  at temperature higher 
than 748°C. P. Hirunsit and K. Faungnawakij[44] developed Cu-Fe-oxides solid solution by calcination at 900°C.  

All these reports suggest that a calcination temperature much higher than 450°C is required for the formation of 
solid solutions between Fe and some additives oxides. Therefore, based on above discussion, meanwhile considering 
the rather lower loading of the additives compared to Fe, the absence of additives reflection XRD peaks in Figure 

1(a) probably results from the high dispersion of fine additives oxides particles over Fe2O3 surface. However, we 
cannot deny the existence of strong interaction between Fe2O3 with these additives oxide, which will be discussed 
in detail in the H2-TPR discussion. On the other hand, for all the impregnated samples in Figure 2, the peaks belong 
to their corresponding supports can be clearly seen. Because of the low calcination temperature (450°C), no solid 
solution or spinel reflections can be directly evidenced from the XRD profiles. Further, Fe2O3 reflection peaks can 
be detected for all samples except zeolite and CeO2/ZrO2 supported samples. G.F. Li et al.[45] assumed that, 
incorporation of Fe3+ (with small ion radius 0.06 nm) into CeO2/ZrO2 lattice (with big ion radius Ce4+ 0.097nm, Zr4+ 
0.084 nm), resulted in the undetectable Fe2O3 peaks. This can be the same reason for zeolite supported Fe sample, 
where the Fe may be encapsulated in the NaY zeolite cages[46]. 

The average Fe2O3 crystallite size over prepared fresh samples and Fe0 size over H2 750°C reduced samples shown 
in Table 2 were calculated by using Scherrer equation from XRD profiles in Figure 1 and S1, respectively. For the 
prepared fresh samples, the pure Fe sample (f-Fe) shows the biggest Fe2O3 particle size of 56 nm, while both fusing 
and impregnating these Fe2O3 with additives help to disperse them into smaller size of 16-37 nm. Similarly, due to 
the additives function acting like the support to disperse Fe2O3, both fused and impregnated samples exhibit much 
larger BET surface area and pore volume while smaller pore size than those of f-Fe sample. Due to the different 
reducibility and metal support interaction strength, there was a mismatch between Fe2O3 and Fe0 crystallite size. 
After 750°C H2 reduction for 1h, the exposed Fe0 active surface area was measured in term of H2 uptake amount, 
which followed the sequence of f-Fe65-Ca5.0< f-Fe65-Ti4.2< f-Fe< f-Fe65-Cu8.8< f-Fe65-Co5.5< f-Fe65-Mg4.2< f-Fe65-
Ce5.7< f-Fe65-Al3.7. The H2 uptake amount corresponded well with the Fe0 crystallite size. 

In order to understand the redox properties over prepared samples, H2-TPR was conducted in Figure 3 on both 
fused and impregnated samples. In Figure 3(a), pure Fe sample f-Fe shows typical reduction peaks belong to 
Fe2O3[47]. The sharp peak between 300-500°C is normally ascribed to the reduction of Fe2O3 into Fe3O4. Further 
reducing Fe3O4→FeO→Fe0 can explain the broad peak appearance at the temperature ranged from 500 to 750°C. 
For the f-Fe65-Cu8.8, the peak at 100-200°C belongs to CuO reduction. It can be found that the Fe2O3→Fe3O4 
reduction peak shifts from 300-500°C over f-Fe to lower temperature ranged from 200-300°C. The reduced Cu0 
nanoparticles are well known as hydrogen activation sites to spill over H2[48], which can thus facilitate Fe2O3 
reduction to Fe3O4 at low temperature. The reduction of Fe3O4→FeO→Fe0 seems to be not affected by Cu adding, 
which gives the same H2-TPR profiles as that of f-Fe. Two extra Co-oxides reduction peaks at 260°C (Co3O4→CoO) 
and 550°C (CoO→Co)[49] can be evidenced over f-Fe65-Co5.5. The Co addition doesn’t change the Fe2O3→Fe3O4, 
but broads the Fe3O4→FeO→Fe0, which is probably resulted from the Co-Fe interaction to make Fe-oxides to be 
more difficult reduced[50]. For f-Fe65-Ti4.2 sample, besides overlapped peaks in the range of 350-500°C, no peak 
can be observed above 500°C. Similar result was also reported by F.D. Liu et al. over a FexTiOy–Ti(SO4)2 
sample[51]. The overlapped peaks can be attributed to the progressive reduction of Fe3+-O-Ti (Fe2O3) to Fe2+/3+-O-
Ti (Fe3O4) to Fe2+-O-Ti(FeO). It looks like the interaction between Fe and Ti species lowers the reduction 
temperature from Fe3+ to Fe2+, but results in a formation of iron titanium phase (Fe2+-O-Ti) which can only be 
reduced at high temperature of 900-1000°C. Three reduction zones located at 250-500, 500-750 and 750-1000°C are 
shown over f-Fe65-Ca5.0. The peak at 750-1000°C is assumed to be the reduction of solid solution Ca-O-Fe[52], 
although there is no solid solution existence from XRD in Figure 1(a). The reinforcement of Fe-oxide and Ca-oxide 
interaction during the H2-TPR treatment, especially when the treating temperature is higher than the calcination 



 

temperature of 450°C, may probably result in formation of this solid solution. This is maybe the same reason for the 
solid solution reduction peaks appearance over f-Fe65-Mg4.2, f-Fe65-Ce5.7 and f-Fe65-Al3.7 samples. Adding Mg or Al 
or Ce to the f-Fe shifts the Fe3O4→FeO→Fe0 to a lower temperature by about 50°C, while little Mg-O-Fe or Fe-O-
Al or Ce-O-Fe reduction peak can be detected. The CeO2 reduction peaks can be found at 360°C and 560°C[53]. 
Comparing to fused samples, due to high surface area as well as low Fe loading, impregnated samples must have 
better Fe dispersion. XRD calculations in Table 2 also show the smaller Fe oxides crystallite size of impregnated 
than those of fused samples. The better Fe dispersion thus explains the higher reduction temperature of impregnated 
samples, meanwhile the separation of overlapped Fe3O4→FeO→Fe0 broad reduction peaks over fused samples into 
two peaks over impregnated samples. One additional peak belongs to CeO2-ZrO2 solid solution[54] is detected at 
c.a. 600°C for I-Fe20-CeO2/ZrO2. 

3.2 CMD over prepared Fe catalysts 

After pure H2 pre-reduction at 750°C for 1h, both fusion and impregnation methods prepared samples are subjected 
to CMD activity test in Figure 4. Due to the lower Fe loading, the impregnated samples exhibit worse CMD activity 
in terms of CH4 conversion ranged from 2-25% (Figure 4(b)), than those of fused samples with 2-70% (Figure 

4(a)); whereas the activity in term of H2 formation rate over both fused and impregnated samples is almost the same 
level ranged from 0.3 to 3.2 mmol/(min·gFe). The CMD activity of fused samples corresponds well with the H2 
uptake amount (i.e. exposed active Fe0 surface area), whilst adding Al2O3 into Fe catalysts is found to be the best 
way to improve CMD activity. The Fe0 surface area after H2 reduction could be probably affected by reducibility 
and metal support interaction. Normally, the high reducibility would result in more active Fe0 surface area. Figure 

5 summarizes the samples reducibility at 750°C by TPR profiles[55] in Figure 3. It seems like the catalyst’s CMD 
activity is corresponding with its reducibility for impregnated samples. For fused samples, both f-Fe65-Ca5.0 and f-
Fe65-Ti4.2, show rather bad CH4 conversions because of their low reducibility ranged between 50-60% (due to solid 
solution formation). The different CMD performance among fused samples (Cu, Co, Mg, Ce and Al modified Fe 
catalysts) with same reducibility level (90-100%) further indicated that, besides catalyst’s reducibility, some other 
parameters most probably the different interaction between Fe0 and support interaction are strongly influencing 
exposed Fe0 amount and thus the catalyst’s behaviour during CMD. 

H. Kathyayini et al.[56] found iron alone on magnesium salt supports (MgO-Fe) showed much better activity than 
on calcium salt supports(CaO-Fe). CaO-Fe had 1.7gc/gcat carbon deposit, whereas MgO-Fe showed 23.2 gc/gcat. A.H. 
Fakeeha et al.[57] reported that the H2 yield was 45% over MgO supported Fe catalyst (30% Fe loading), whereas 
TiO2 supported same loading Fe catalyst exhibited only 5% H2 yield. A.A. Ibrahim et al.[58] investigated the 
influence of support type in CMD over Fe catalyst, and concluded that Fe/TiO2 was inappropriate for CMD compared 
to Fe/Al2O3 and Fe/MgO. These results are agreed well with CMD results in Figure 4(a), where methane conversion 
decreases with the order of f-Fe65-Al3.7 (73%) < f-Fe65-Mg4.2 (34.6%) < f-Fe65-Ca5.0 (2.1%). L.B. Avdeeva et al.[59] 
reported that the catalyst carbon capacity increased remarkably by adding 6% Co to 50%Fe/Al2O3 from 26.5 to 52.4 
gc/gcat. T.V. Reshetenko et al.[60] attributed the improvement attained with the Fe and Co alloy formation leading 
to an optimum particle size distribution. L.G. Tang et al.[29] compared Fe and Ceria and Fe-Ce bimetallic catalysts 
CMD activity using a fixed bed reactor at 750°C. The Ce monometallic catalyst showed very small CH4 conversion 
activity. Fe catalyst showed 60% CH4 conversion, whereas 77% CH4 conversion was observed by using mixed 
catalysts 60 wt% Fe2O3-40 wt% CeO2. The improved dispersion of Fe catalyst after adding Ce, together with the 
continuous oxidation of carbonaceous species by high mobility lattice oxygen in the solid solution (Ce-O-Fe and 
CeO2/ZrO2), were considered to maintain the active surface area for the reaction. In present study, both f-Fe65-Ce5.0 
and I-Fe20-CeO2/ZrO2 also show the positive effect of adding Ce and/or Zr to the Fe catalysts on CMD activity. 
Although Cu does not chemisorb methane and show no activity for carbon deposition in hydrocarbons reforming, 
the segregated and/or alloyed Cu would show a significant effect on the coke formation. Fe–Cu Raney-type catalysts 
were reported by A.F. Cunha et al.[30] to show higher CMD stability than the monometallic Raney-Fe catalysts. S. 
Takenaka et al.[61] reported the formation rate of H2 during CMD of Fe2O3/SiO2 (20 μmol/min) was significantly 
lower than that for Fe2O3/Al2O3 (1100 μmol/min). It is like the interaction of α-Fe with silica supports brings about 
a decrease in carbon solubility and diffusion rate of carbon atoms in the metal. X.X. Li et al.[62] reported a better 
methane conversion during CMD on Fe/Al2O3 than Fe/zeolite catalysts. By checking the binding energy through X-
ray photoelectron spectroscopy (XPS) spectrograms, they suggested lower reducibility (stronger metal-support 
interaction) of Fe/zeolite than that of Fe/Al2O3 probably resulted in its worse CMD activity. 

Figures 6 and 7 show the TEM morphologies of deposited carbon over both spent fused and impregnated samples 
after CMD. Obviously, the formation of CNTs rather than CNOs is preferable for CMD[63]. The Fe0 metal 
encapsulated inside the CNOs is totally inactivated, whereas the CNTs can anchor some Fe0 on their tip to maintain 
the CMD activity. X.X. Li et al.[62] reported similar results stating that, Fe0, which could be dispersed into the pore 
of zeolite crystallites, may be totally deactivated due to the blockage of pore by carbon deposition during CMD; 
whereas, Fe0 particles, those were found to be dispersed on Al2O3 external surface and be anchored on the tip of 
formed CNTs, could be still available for CMD. In all, it is likely that the nature of the support, the catalyst and most 
importantly the type of interaction between the metal and the support has a great influence on both CMD activity 
and deposited carbon morphologies. Among all investigated samples, the Fe-Al2O3 catalysts show the best CMD 
performance. Perhaps Al2O3 affected Fe crystallization to expose more (111) faces out of the surface area, which are 
necessary for the deposition of graphitic carbon upon CMD[59]. As explained by our previous study[8], the deposited 
carbon morphology over Ni catalysts is usually defined by the comparison between CH4 activation-decomposition 



 

rate and its diffusion-graphite formation rate. It looks like the combination of Fe0 and Al2O3 would balance these 
two rates to continually form CNTs, which will help to maintain high CMD activity. 

3.3 Study of f-Fe65-Al3.7 for CMD 

3.3.1 Activity over f-Fe65-Al3.7 for CMD 

The sample redox properties under different temperatures are clearly studied in Figure 3 by H2-TPR analysis. 
Here, selecting f-Fe65-Al3.7 as a representative sample, the influence of both reduction and reaction temperatures on 
f-Fe65-Al3.7 CMD activity is investigated in Figure 8. From Figure 8(a), the catalyst reduced at 750°C shows the 
best CMD activity in terms of methane conversion, while the catalyst activated at 900°C exhibits the lowest methane 
conversion. J.L. Pinailla et al.[28] compared the CMD performance over a FeMo/MgO catalyst under different 
temperature (550, 700 and 800°C) reduction. They found the Fe0 sintered substantially into big aggregates with 
reduction temperature increase. The sintered Fe0 thus resulted in the catalyst’s worse CMD activity and stability. For 
the f-Fe65-Al3.7 in this study in Figure 9(a), we found the sample is composed of Fe0 (36 nm) and Fe3O4 after 550°C 
reduction, Fe0 (50 nm) and FeAl2O4 after 750°C reduction. Further raising the reduction temperature from 750 to 
900°C, reduces part of FeAl2O4 and sinters Fe0 into big particles of c.a.143 nm. The sample reducibility, Fe0 
crystallite size and active Fe0 amount measured by H2 chemisorption was summarized by Table S1. It can be 
speculated that the interaction between Fe0 (with an appropriate size) and FeAl2O4 plays a positive role for the CMD 
performance. To our knowledge, no literature is found to discuss the effect of FeAl2O4 formation through CMD 
activity. FeAl2O4 itself is of course inactive for CMD, but its existence could help to mitigate the Fe0 agglomeration 
through the strong bonding between Fe0 and FeAl2O4. Similar mechanism over Ni0 and NiAl2O4 has been well 
accepted in literature [55], which stated that positive effect of NiAl2O4 was found to strongly anchor the Ni0 particles 
on its top against sintering for methane reforming. The strong bonding between Fe0 and FeAl2O4 probably can 
maintain the active Fe0 amount by hindering the quasi-liquid Fe0 to be split into smaller particles and absorbed into 
the interior of CNTs. CNTs trapped Fe0 would lose their activity due to the limited contact with CH4 gas. In Figure 

8(b), after reducing with H2 at 750°C, f-Fe65-Al3.7 is subjected to a CMD reaction from 600 to 850°C. The catalyst’s 
activity increases with temperature until reaches the peak at 750°C. Further raising temperature higher than 750°C 
lowers the catalyst’s CMD performance, which could be probably resulted from the Fe0 and/or Al2O3 sintering 
together with FeAl2O4 partial reduction to change the interaction between Fe0 and FeAl2O4. As shown in Table S1, 
increasing the reduction temperature would not only increase the catalyst’s reducibility, but also increase the Fe0 
crystallite size. The exposed active Fe0 amount is of course directly related both reducibility and Fe0 size. The high 
reducibility and larger crystallite size with little exposed Fe0 amount would affect the CMD activity in the opposite 
ways, which explains the existence of an optimized reduction temperature to maintain the highest Fe0 amount. In all, 
conducting both pre-reduction with H2 and CMD reaction at 750°C is concluded as the optimized reaction condition 
for f-Fe65-Al3.7 to obtain a high CMD activity. 

In order to understand f-Fe65-Al3.7 reduction mechanism at 750°C, an in-situ XRD test with time on stream is 
investigated in Figure 9 (b) and (c). For unsupported pure Fe catalyst f-Fe (Figure 9(b)), Fe2O3 can be seen 
progressively reduced into Fe0. After 12 min, all Fe2O3 was reduced to Fe3O4. This Fe3O4 was gradually reduced 
into FeO until vanished after 36 min. After 60 min, the sample was composed of Fe0, without any Fe oxides. 
Therefore, the reduction of f-Fe follows the generally accepted stepwise reduction mechanism as 
Fe2O3→Fe3O4→FeO→Fe0. For f-Fe65-Al3.7, after 12 min, there was no reflection peaks of Fe2O3, but showing 
FeAl2O4, Fe3O4, FeO and Fe0. With time on stream from 12 to 36 min, FeAl2O4 and Fe0 seemed no change, whilst 
Fe3O4 can be seen gradually reduced into FeO, which was totally reduced into Fe0 after 48 min. After 60 min, all the 
left Fe3O4 were further reduced into Fe0 while remaining FeAl2O4, which can only be reduced at a higher temperature 
than 900°C from H2-TPR profile in Figure 3. Obviously, by adding Al2O3, the reduction of Fe oxides becomes 
complicated due to the interaction between Fe and Al2O3 to form FeAl2O4. But still the progressive 
Fe2O3→Fe3O4→FeO→Fe0 can be somehow seen from the in-situ XRD results. The formation of FeAl2O4 is 
considered to result from our previous reported reaction[31] as Fe3O4 + Fe0 + 4Al2O3→4FeAl2O4; FeO + 
Al2O3→FeAl2O4 or Fe3O4 + H2 + 3Al2O3→3FeAl2O4 + H2O. 

The influence of space velocity (SV) on f-Fe65-Al3.7 CMD performance at 750°C in terms of methane conversion, 
H2 formation rate, life time and carbon deposition amount is investigated in Figure 10. The catalyst is pre-reduced 
by H2 at 750°C for 1h. As shown in Figure 10(a), at a low SV of 1.875 L/gcat·h, except slight deactivation during 
the first 100 min, the sample shows a stable methane conversion (c.a. 70%) and H2 formation rate (3.2 
mmol/(min·gFe)) for 400 min. However, doubling the SV from 1.875 to 3.75 L/gcat·h by increasing the flow rate but 
keeping the loaded catalysts weight, the sample initial methane conversion decreases from 70% to 60%, whilst the 
H2 formation rate was increased from 3.2 to 5.0 mmol/(min·gFe). Further, at SV of 3.75 L/gcat·h, the sample is found 
to show CMD performance as two different stages, i.e., the sample deactivates very quickly from 60% of methane 
conversion (5.0 mmol/(min·gFe) of H2 formation rate) at initial to c.a. 40% (3.2 mmol/(min·gFe) of H2 formation rate) 
at 100 min; after 100 min, the sample enters into a relatively stable period and finally shows c.a. 25% methane 
conversion (2.2 mmol/(min·gFe) of H2 formation rate) at 400 min. Similar results are observed when conducting the 
CMD at a higher SV of 7.5 and 15 L/gcat·h. It is clear, the initial methane conversion and stability of f-Fe65-Al3.7 
during CMD decrease substantially when the SV increases. However, the initial activity in term of H2 formation rate 
seems to reach a plateau at SV = 7.5 L/gcat·h. As shown in Figure 10(b), the spent samples in Figure 10(a) are 
subjected to TGA analyses from room temperature to 1000°C under air atmosphere. The weight loss is resulted from 



 

the deposited carbon combustion during the temperature ranged from c.a. 500 to 900°C. Corresponding to methane 
conversion and stability change, the carbon deposition amount also decreases with SV increment in the range of 
1.875 to 15 L/gcat·h. 

 

3.3.2 CMD mechanism over Fe catalysts 

According to our previous research[8, 31, 35, 63], CMD reaction mechanism is found to be totally different 
between Ni and Fe-based catalysts. Three steps are to occur assumed during the MCD reaction over Ni-based 
catalysts: CH4 activation-decomposition on the Ni particle to produce H2 and carbon, carbon diffusion through the 
bulk of Ni particle and carbon precipitation. For Fe-based CMD reaction, the model of carbon deposit on Fe3C is 
well agreed among researchers[28, 35, 64, 65]. By monitoring a CMD reaction over a fused Fe-Al catalyst by in-situ 
XRD in our previous study[35], it was found that, substantial amount of Fe3C accompanied with few graphite carbon 
(weight concentration ratio of Fe3C/C is c.a. 87/13) formed after starting CMD reaction over activated fused Fe-Al 
catalyst for just 2.5 min. After that, the Fe3C concentration kept stable while graphite concentration increased 
gradually with time on stream. These results clearly indicated that the formation of graphite carbon came after that 
of Fe3C. It is widely accepted that Fe3C plays a key role for the CNTs formation during CMD process. V.I. 
Zaiakovskij et al.[66] concluded a Fe3C cycle mechanism for the formation of CNTs during 1,3-Butadiene cracking 
on Fe/Al2O3 Catalysts. A.K. Schaper et al.[67] proposed the concept of CNTs formation via an intermediate Fe3C 
phase, i.e., dissolution of carbon in the metal catalyst and of the carbon-through-metal diffusion. 

A density functional theory (DFT) study was conducted here to further understand the reaction mechanism over 
Fe catalysts for CMD. The Gibbs free energy (∆G) of the various possible obtained solid products from CMD over 
Fe catalysts at 750°C under atmospheric pressure, such as perfect or over-stoichiometric iron carbide (Fe3C, or 
Fe3C1+x while it is simplified as Fe3C1.5 in this study) and graphite (C) was investigated by DFT while considering 
the three chemical reactions (eq 3-5). The possible decompositions of iron carbide (Fe3C and Fe3C1.5) into Fe0 and 
C were also investigated using the two chemical reactions (eq 6 and 7). More detailed information about the 
computational methodology used here is described in the Supporting Information. 

3Fe(s) + CH4(g) ↔ Fe3C(s) + 2H2(g)             ∆G = -36.2 KJ/mol                                        
(3) 

3Fe(s) + 2CH4(g) ↔ Fe3C(s) + C(s) + 4H2(g)       ∆G = -80 KJ/mol                                          

(4) 

3Fe(s) + 1.5CH4(g) ↔ Fe3C1.5(s) + 3H2(g)         ∆G = -3.3 KJ/mol                                         
(5) 

Fe3C(s) ↔ 3Fe(s) + C(s)                       ∆G = -7.5 KJ/mol                                         
(6) 

Fe3C1.5(s) ↔ Fe3C(s) + 0.5C(s)                  ∆G = -54.8 KJ/mol                                        
(7) 

Several structural configurations for Fe3C1.5 were performed by inserting two extra C atoms at various positions 
into the orthorhombic unit cell of Fe3C (space group is PNMA), which contains 4 functional units (Fe12C4). The 
crystal structures were optimized using the spin-polarized periodic DFT implemented in the Vienna Ab-initio 
Simulation Package (VASP) program[68, 69] with the Perdew-Burke-Emzerhof (PBE) exchange-correlation 
functional[70] and the Projector-Augmented Plane Wave (PAW) approach[71]. The Brillouin zones for Fe3C and 
Fe3C1.5 were sampled with a 646 Monkhorst-Pack k-point grid while that for cubic Fe was sampled with a 777 
k-point mesh[72]. The DFT-optimized crystal structure for Fe3C and the most stable one obtained for Fe3C1.5 are 
displayed in Figure 11. For Fe3C, the calculated lattice constants (a = 5.03 Å, b = 6.70 Å, c = 4.47 Å and α = β = γ 
= 90º) were found to be in good agreement with the experimental data with Fe-C bond lengths ranging from 1.96 to 
2.0 Å and Fe-Fe bond lengths ranging from 2.44 to 2.57 Å (see Figure 1a). For Fe3C1.5, the lowest-energy structure 
was obtained when a carbon dimer with a C-C bond length of 1.52 Å. It exhibits a triclinic crystal lattice (symmetry 
group is P1) with calculated lattice lengths of a = 4.92 Å, b = 7.36 Å and c = 4.69 Å and angles of α = 84.6º, β = 
88.7º and γ = 101.6º. The various bond lengths in this structure were found to be varying from 1.91 to 2.07 Å for Fe-
C and from 2.37 to 2.59 Å for Fe-Fe (see Figure 1b). 

The calculated Gibbs free energy of reaction (4) releasing Fe3C and C materials together was found to be -80.0 
KJ/mol, while those of reactions (3) and (5) giving either Fe3C or Fe3C1.5 are found to be -36.2 and -3.3 kJ/mol, 
respectively. Moreover, the calculated Gibbs free energy of reaction (6) associated with the decomposition of Fe3C 
into Fe0 and C was found to be -7.5 kJ/mol, whereas that for reaction (7) associated with the possible decomposition 
of Fe3C1.5 into Fe3C and C was found to be -54.8 kJ/mol. As the obtained Gibbs free energy of reaction (4) is much 
lower than other reactions, it can be clearly concluded that CMD over Fe catalysts is thermodynamically favourable 
to ultimately produce Fe3C together with C. On the second hand, although the calculated Gibbs free energy of 



 

reaction (6) is much higher than that of reaction (4), it is still slightly exothermic, which means Fe0 could be possibly 
decomposed from Fe3C in a very low probability. Interestingly, the calculated Gibbs free energy of reaction (7) is 
much lower than that obtained for reaction (5). As a conclusion, the decomposition of Fe3C1.5 into Fe3C and C is a 
thermodynamically much more favoured process than the formation of Fe3C1.5. Or in other words, even if Fe3C1.5 is 
formed during the CMD, it will be immediately decomposed to Fe3C and C.  

Based on the DFT and experimental observations discussed above, the Fe3C formation and its role for the carbon 
deposition during the CMD is further illustrated in Figure 12(a-e). In the first stage, CH4 decomposes to H2 and 
amorphous carbon at the Fe0 surface shown in Figure 12(a). It is reported that, due to the bcc crystal lattice of Fe0, 
whose interstitial position configuration and dimension do not allow easy accommodation of C atoms, carbon 
solubility in Fe0 is as low as below 0.022 wt% in Fe0[73]. Thus, according to the Fe-C diagram state reported by 
C.T. Wirth et al.[74], when the deposited carbon amount exceeds this carbon solubility limitation, as illustrated in 
Figure 12(b)(c), the formation of Fe3C occurs by the rearrangement of iron atoms[64]. Furthermore, Fe3C structure 
is quite stable and its decomposition requires a long enough period at a higher temperature than 750°C. R. Sharma 
et al. [75] also suggested that decomposition of Fe3C is not necessary for CNT nucleation and growth as the enclosed 
particles after the growth retain cementite structure.  

 As Fe3C is also a catalyst for CMD[74, 75], methane continues its decomposition on the Fe3C surface. The 
continues deposition of carbon would result in the over saturation of Fe3C to form Fe3C1+x shown in Figure 12(e), 
which may further decompose to Fe3C and graphite carbon on one of the crystallographic areas of Fe3C. R. Sharma 
et al.[75] found that the time interval between formation of Fe3C and the spurt of graphite carbon (CNTs) is as short 
as less than a second (0.11 s). Therefore, it is easily to be confused that the graphite is directly deposited on the Fe3C 
surface. However, here in this study, based on the DFT study, we believe the supersaturated Fe3C decomposition 
probably precipitate the amorphous carbon arising out of methane cracking to graphitic one (Figure 12(d)). A total 
reaction mechanism is summarized in following equations (eq 8-11). CMD is supposed to be initialized on the Fe0 
surface to decompose CH4 into amorphous carbon and H2. The amorphous carbon will soon react with Fe0 to form 
Fe3C or mixture of Fe0 and Fe3C, which will continue to play as the catalyst to decompose CH4. The formed carbon 
will diffuse into Fe3C to form supersaturated cementite, which will immediately decompose back to stoichiometric 
Fe3C and meanwhile “transfer” amorphous carbon to graphite carbon. Further, due to the partial coverage of 
Fe0/Fe3C by the deposited graphite, the catalyst would lose some of its activated exposed surface and thus show a 
quick deactivation, which is corresponding to the CMD performance during the first 100 min as shown in Figure 

10(a). 

𝐶𝐻4 𝐹𝑒0↔ 𝐶𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 + 2𝐻2                                                                            
(8) 𝐹𝑒0 + 𝐶𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠  ↔𝐹𝑒3𝐶                                                                           
(9) 

𝐶𝐻4 𝐹𝑒3𝐶/𝐹𝑒0↔      𝐶𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 + 2𝐻2                                                          
(10) 𝐶𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝐹𝑒3𝐶↔  𝐶𝑔𝑟𝑎𝑝ℎ𝑖𝑡𝑒                                                                            
(11) 

 

By the DFT results, the simultaneous formation of Fe3C and C during CMD would be the most expected reaction, 
which is in excellent agreement with the XRD observations over spent catalysts in Figure 10(a) shown in Figure 

13. Regardless of the SV, all spent catalysts showed the Fe3C reflection peaks together with that of graphite C. The 
existence of metallic Fe0 are also confirmed. According to R.J. Wrobel et al.[64], the graphite encapsulated Fe3C is 
inactive for CMD and Fe3C itself is going to further decompose into Fe0 and C, which is a possible reaction indicated 
by our DFT study. The intensity of graphite diffraction peaks agrees well with the coking amount measured by TGA. 

In our previous study[35], methane gas, instead of H2, was reported to be capable of activating f-Fe65-Al3.7 for 
CMD reaction at 750°C. Herein, in order to understand the catalyst’s structure change during CMD, the ex-situ X-
ray absorption near-edge spectra (XANES) at Fe K-edge for the catalyst f-Fe65-Al3.7 contacted with pure methane 
flow at 750°C with different duration are conducted shown on Figure 14(a). Between 2.5 and 7.5 min, a weak peak 
in the pre-edge region due to the 1s → 3d-4p transitions and an intense white line due to 1s → 4p dipolar transition 
revealed an oxidized state of iron[76, 77]. After 10 min of contact with pure methane at 7.5 L/gcat·h, the XANES 
spectra depicted a noticeable increases of the pre-edge peak and a strong decreases of the white line intensity. The 
main absorption edge energy, defined at the first inflection point, appeared to be continually shifted to lower energy. 
Both observation pointed to a progressive reduction of the catalyst occurring with longer duration under CH4 flow. 
A more quantitative assessment of the phase transformation taking place is shown in Figure 14(b), which presents 
the relative abundances of the various phases required to describe the experimental near-edge spectra. During the 



 

first 10 min, f-Fe65-Al3.7 is composed of a complex mixture of Fe3O4, FeO, and FeAl2O4 oxides. Their absolute 
proportion rapidly decreased starting from 7.5 min while Fe3C and metallic Fe were formed quantitatively. Thus, the 
first 10 min of reaction defined the activation stage of the catalyst. Furthermore, after 60 min of catalytic methane 
decomposition, f-Fe65-Al3.7 was found to be a mixture of Fe0 and Fe3C with a little FeAl2O4. The amount of calculated 
Fe3C is almost four times higher than that of Fe0 phase, which indicates Fe3C is prefer to form upon reacting methane 
with Fe0. A more accurate amount calculation of all possible phases over f-Fe65-Al3.7 during CH4 activated CMD was 
conducted based on ex-situ XRD and TGA (see supplementary information) [35]. According to Figure S2, the 
amount of Fe0 and Fe3C is almost stable during 12 to 25 min, whereas significant increment of carbon proportion 
can be seen. This corresponds well to the mechanism proposed in Figure 12, indicating that carbon is not originating 
from Fe3C decomposition. The lowering of Fe3C concentration accompany with slightly increment of Fe0 amount 
after 25 min, may probably result from the decomposition of graphite encapsulated Fe3C. 

3.3.3 Carbon morphologies over f-Fe65-Al3.7 after CMD 

The surface morphologies of spent samples after CMD reaction at different SV are observed by TEM in Figure 

15. For the sample after CMD at the lowest SV of 1.875 L/gcat·h shown in Figure 15(a-e), although the shapes are 
varied from straight (Figure 15(c)) and bamboo-like (Figure 15(d)(e)), most of them are bamboo-like CNTs have a 
hollow channel while holding Fe3C particles on the end side (Figure.15(b)). By increasing the SV, Fe3C particles 
are observed to be progressively trapped into bamboo-like CNTs cage (Figure 15(f-g)). Some CNOs (thick layer of 
graphite encapsulating Fe3C) can even be seen over spent samples tested at SV of 15 L/gcat·h (Figure 15(h-j)). 
Obviously, the SV increment will not change the reaction mechanism to produce a different phase, which suggests 
that the morphology of deposited carbon on f-Fe65-Al3.7 is not controlled by the catalyst crystalline structure, but by 
the reaction conditions. The morphology of deposited carbon on Ni catalysts for CMD was reported to be strongly 
influenced by its diffusion-graphite formation rate in our previous study[8]. As reported in [5], carbon materials with 
various morphologies, i.e., herringbone carbon nanofibers (CNFs), platelet CNFs, bamboo-shaped CNFs, branched 
CNFs, multi-branched CNFs and onion-like carbons, depending on the catalyst composition and reaction 
temperature, were obtained over Ni/CNT and Ni-Cu/CNT catalysts. The morphology of the produced carbon 
material was correlated with the growth mechanism of the carbon material on the catalyst. Similar model is also 
illustrated on f-Fe65-Al3.7 in this study as shown in Figure 12(f-h). Normally, the continues CMD reaction on the Fe 
catalysts makes carbon precipitate out and crystallize in the form of a cylindrical network on the surface of the 
catalyst particle and finally grow into tubular structures, i.e. CNTs as shown in Figure 12(f). Meanwhile, a special 
CNTs named as bamboo-shape tubes with Fe3C on one side can also be formed in large amount over f-Fe65-Al3.7. 
When increasing the reaction SV, i.e., accelerating the graphite precipitation rate, a new type of bamboo-shape CNTs 
with Fe3C trapped into the cavity is formed by the mechanism illustrated in Figure 12(g). ‘‘Jumps’’ of the catalyst 
particles out of the graphite sheath to the top of the tube at regular time intervals was inferred by Y. Lu et al.[78] to 
explain the formation of bamboo-shaped CNTs with catalyst particle at tube end. The motive force of pushing out 
the catalyst particle may be a stress accumulated in the graphitic sheath due to the segregation of carbon from the 
inside of the sheath. It is known that bulk Fe3C melting point is about 300°C below that of bulk Fe. Further, similar 
like the pure metal, the melting temperature of Fe3C should become lower by decreasing its particle size[79]. 
Therefore, at the CMD reaction at 750°C in this study, the Fe3C with a size of 20-50 nm may perform at a quasi-
liquid state. And therefore, with the growth of the CNTs, more and more parts of the catalyst particle were sucked 
into the tube, due to the compressive force formed at the bottom of the particles, which led to the “molten” Fe3C 
becoming a cone shape. Meanwhile, because of the participated carbon lowered the exposed Fe3C active surface 
towards CH4, the transportation of carbon through the catalyst particle gradually decreased. Therefore, as explained 
by C.Z. Luo et al.[80], when a compressive force from the preferential precipitation of carbon atoms decreased to 
such an extent that smaller than the surface tension of the catalyst particle, the portion of the sucked and stretched 
catalyst would be pulled back under the combined action of the surface tension of the particle and stress of the tube. 
In this way, a piece of bamboo was formed, and a new circle would start at the lower part of the catalyst particle, 
and produced another piece of bamboo. However, if the precipitation rate is accelerated a lot by increasing the SV, 
the stretched part of a particle could not be completely pulled back, a droplet of the catalyst particle would be kept 
in the compartment of the tube, and thus form bamboo-shape CNTs trapped Fe3C. When the graphite precipitation 
rate is really very fast to make the compressive force overcome the surface tension of the Fe3C, the latter (Fe3C) will 
be totally encapsulated by the former (graphite) to form CNOs in Figure 12(h).  

4. Conclusions 

Various types of Fe-based catalysts with different supports, additives and Fe loadings were synthesized by fusion 
and impregnation methods herein to investigate their CMD performance to produce H2 and carbon nano materials. 
The followings are the conclusions summarized based on results and discussion. 

1. Fused Fe (60 wt%) catalysts showed only Fe2O3 XRD reflection patterns as the additives oxides particles are 
assumed to be fine dispersed over Fe2O3 surface, while impregnated Fe (20 wt%) catalysts exhibited both 
patterns of Fe2O3 and corresponding supports. 

2. By H2-TPR, both fused and impregnated samples follow the stepwise reduction mechanism as 
Fe2O3→Fe3O4→FeO→Fe0, while the interaction between Fe and supports would be reinforced to form solid 
solution during the thermal treatment higher than 450°C. 



 

3. Regardless preparation methods and Fe loading, Fe-Al2O3 catalysts showed the best CMD performance. 
Al2O3 is considered to affect Fe crystallization to expose more Fe0 out of the surface area for the deposition 
of graphitic carbon. The selective formation of CNTs over Fe-Al2O3 catalysts is also speculated to be vital 
for their good CMD activity. 

4. During CMD over Fe catalysts, DFT study together with XRD, TEM and EXAFS results indicated the 
simultaneous formation of Fe3C and graphite C. The graphite is proposed to be spurted out from an unstable 
over-stoichiometric iron carbide Fe3C1+x decomposition back to Fe3C and C. A carbon deposition model was 
further built to explain the formation of different carbon nano materials.  

5. Over f-Fe65-Al3.7 sample, 750°C is concluded as the optimized temperature for pre-reduction with H2 and 
CMD reaction to obtain a high CMD activity. At a low SV of 1.875 L/gcat·h, this catalyst showed a stable 
methane conversion of c.a. 70% for as long as 400 min. 
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Figure 1. XRD over prepared samples by fusion method. (a) fused Fe based samples; (b) fused pure additives. 

 

 



 

 

Figure 2. XRD over prepared samples by impregnation method. 

 

  



 

 

Figure 3. H2-TPR of prepared samples. (a) fused; (b) impregnated. 

 

 

 

 

 

 

 
 

 

Figure 4. Initial activity over prepared samples at 750°C, SV = 1.875 L/gcat·h. (a) fused samples; (b) impregnated 
samples. 

 

 

 



 

 

Figure 5. Samples reducibility at 750°C H2 measured from H2-TPR profiles in Figure 4. 

 

 

 

 

 

Figure 6. TEM images of spent fused samples after CMD at 750°C for 30 min. 

 

 



 

 

Figure 7. TEM images of spent impregnated samples after CMD at 750°C for 30 min. 

 

 

 

Figure 8. the effect of reduction and reaction temperature on samples CMD activity at 750°C, SV = 1.875 L/gcat·h. 

 

 

 

 

 



 

 

Figure 9. In-situ XRD reduction mechanism (a) f-Fe65-Al3.7 with increasing temperature; (b) f-Fe at 750°C with 
time on stream; (b) f-Fe65-Al3.7 at 750°C with time on stream. 

 

 

 

 

 

 

 

 

 

 

Figure 10. SV influence on catalysts CMD performance at 750°C: (a) activity and life test; (b) TGA analyses of 
carbon deposition.  

 

 

 



 

 

 

 
Figure 11. DFT-optimized lowest-energy structures of (a) Fe3C and (b) Fe3C1.5. Color legend: Fe in purple and C in 
gray. 

 

 

 



 

 

Figure 12. CMD mechanism models over Fe catalysts. 



 

 

Figure 13. XRD over spent catalysts tested at Figure 10(a) with different SV. 

  



 

 

Figure 14. a) Ex-situ Fe K-edge XANES spectra for the catalytic decomposition of methane using fused 
Fe2O3/Al2O3 as a pre-catalyst. b) Evolution of the sample composition as a function of time as calculated from 
linear combination fitting with spectra of Fe, Fe3C, Fe3O4, FeAl2O4 and FeO standards. 

 

  



 

 

Figure 15. CNT morphologies over spent catalysts after CMD at different SV in Figure 10(a).  



 

Table 1. Literature review of CMD over Fe based catalysts. 

  

Sample Preparation 

method 

Loading Reactor Reduction 

condition 

Reaction condition Life 

time 

CH4 

conv. 

Ref

. 

Fe/MgO impregnation 50 wt% Fixed bed 700°C, H2 700°C, CH4, 6 L/gcat·h 150 

min 

45% [24

] 

2Ni-1Fe-

1Al 

Co-precipitation 42 wt% Ni, 

20 wt% Fe 

Fixed bed 700°C, H2 650°C, 30% CH4/Ar, 42 

L/gcat·h 

150 h 40% [25

] 

Fe/SiO2 impregnation 10 wt% Fixed bed 700°C, 50% 

H2/N2 

800°C, 70% CH4/N2, 15 

L/gcat·h 

150 

min 

95% [5] 

Fe/MgO impregnation 10 wt% Fixed bed 700°C, 50% 

H2/N2 

800°C, 70% CH4/N2, 15 

L/gcat·h 

200 

min 

25% [5] 

Fe/Al2O3 fusion 53 wt% Fluidized 

bed 

750°C, H2 700°C, CH4, 6 L/gcat·h 6 h 18% [26

] 

Ni-Fe-

SiO2 

Sol-gel  65 wt% Ni,  

10 wt% Fe 

Fixed bed 650°C, H2 550°C, CH4, 30 L/gcat·h 400 

min 

16% [27

] 

FeMo/Mg

O 

fusion 62 wt% Fe, 

16 wt% 

Mo 

Fixed bed 550°C, H2 800°C, CH4, 1 L/gcat·h 200 

min 

92% [28

] 

Fe/CeO2 Co-precipitation 56 wt%Fe Fixed bed 750°C, 4% 

H2/Ar 

750°C, 30% CH4/Ar, 1.2 

L/gcat·h 

150 

min 

25% [29

] 

Fe-Cu Raney type 50 wt%Fe Fixed bed 600°C, 10% 

H2/N2 

600°C, 10% CH4/N2, 6.6 

L/gcat·h 

200 

min 

30% [30

] 



 

Table 2. Characterization of prepared samples. 

 

Catalyst BET surface 
area [m2/g] 

Pore 
volume 
[cc/g] 

Pore 
size 
[nm] 

Fe oxides crystal 
size [nm]a 

Fe0 crystal 
size [nm]ab 

H2 uptake 
[µmol/gcat]b 

Fe loading 
[wt%] 

f-Fe65-Al3.7 57.49 0.20 11.77 19 50 11.08 64 

f-Fe65-
Mg4.2 

29.88 0.12 11.36 20 76 7.64 66 

f-Fe65-Ca5.0 53.23 0.16 10.51 27 110 4.92 65 

f-Fe65-Ce5.7 54.09 0.19 11.94 25 69 8.23 66 

f-Fe65-
Cu8.8 

20.97 0.12 15.90 25 92 6.21 65 

f-Fe65-
Co5.5 

21.08 0.11 17.79 21 87 6.40 65 

f-Fe65-Ti4.2 68.33 0.22 12.04 37 103 5.56 63 

f-Fe 11.03 0.10 38.04 56 91 6.01 70 

I-Fe20-
αAl2O3 

14.37 0.09 22.20 32 - - 21 

I-Fe20-
γAl2O3 

59.71 0.24 14.72 27 - - 18 

I-Fe20-SiO2 163.69 1.13 27.80 19 - - 19 

I-Fe20-
MCM41 

460.09 1.59 12.96 20 - - 20 

I-Fe20-
SiO2/TiO2 

54.01 0.29 21.48 16 - - 20 

I-Fe20-NaY 
Zeolite 

180.60 0.07 4.67 - - - 21 

I-Fe20-
CeO2/ZrO2 

49.83 0.12 7.45 - - - 20 



 

I-Fe20-
MgSiO3 

101.76 0.26 13.88 18 - - 18 

a crystallite size was calculated by Scherrer equation; b sample was reduced by H2 at 750°C for 1h 

 


