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Abstract: Copper and iron-based bimetallic nickel catalysts supported on Mesostructured Silica
Nanoparticles (MSNs) with compositions of 50% Ni–5% Cu/MSN and 50% Ni–5% Fe/MSN were
prepared using an impregnation method, and they were compared with a monometallic 50% Ni–
MSN catalyst for their activity and stability in methane decomposition reaction. The influence of
promoters, such as Cu and Fe, at different reaction temperatures (700 ◦C, 800 ◦C and 900 ◦C) was
investigated. The results revealed that the Cu and Fe-promoted catalysts significantly increased the
hydrogen yield in methane decomposition compared with the unpromoted catalyst. This could be
attributed to the formation of Ni–Cu and Ni–Fe bimetallic alloys in the catalysts, respectively, and this
favored the stability of the catalysts. With increasing reaction temperature, the hydrogen yield also
increased. However, the hydrogen yield and the lifetime of the nickel catalyst were enhanced upon
the addition of iron compared to copper at all the reaction temperatures. The analysis conducted
over the spent catalysts validated the formation of multi-walled carbon nanotubes with a bamboo-
like internal channel over the catalysts along with a high crystallinity and graphitization degree of
the carbon produced.

Keywords: Mesoporous Silica Nanoparticles (MSNs); metal promoters; nickel catalyst; hydrogen;
methane decomposition; MWCNTs

1. Introduction

Global warming, a phenomenon caused by increased human activity, has instigated
widespread environmental pollution. The emission of greenhouse gases coming from
transportation, industrial and other human activities leads to severe environmental pollu-
tion. Therefore, an alternative to fossil fuel as a major source of energy for transportation
and stationary applications is needed. Many studies have been conducted to develop
alternative sources of renewable energy worldwide [1]. Hydrogen energy is a green energy
that can be used in stationary and practical applications [2]. Recently, hydrogen has been
applied in the field of transportation and has been used in fuel cell technology [3,4].

Hydrogen can be produced from various sources, such as biomass, water, natural gas
and hydrocarbon, via different kinds of available methods [5]. Methane decomposition is
a practical method to produce hydrogen directly from methane without producing any
greenhouse gas [6]. In contrast to conventional steam reforming, methane decomposition
requires no further process to purify the produced hydrogen [7]. A variety of carbon
structures, such as carbon nanotubes, graphite and graphene, were produced at the end of
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the reaction [8]. This graphitic carbon can be further utilized for miscellaneous applications,
such as a catalyst for several catalytic processes or in hydrogen storage materials [9,10].
Methane decomposition is a highly endothermic process that requires high temperatures of
approximately 1200 ◦C. The reaction can be represented as

CH4 → 2H2 + C ∆H = 74.87 kJ/mol

To reduce the reaction temperature, the use of heterogeneous catalysts has been
introduced in the reaction. Studies have assessed the use of metal catalysts in methane de-
composition [11]. Apart from being low cost, the abundance of transition metals, such as Ni,
Cu, Fe and Co, has made them the most used catalyst in methane decomposition [12–15].
Syed-Muhammad et al. summarized studies on metallic catalysts, promoters, metal load-
ing, operational conditions and feedstock mixtures in methane decomposition [16]. They
found that these factors play a crucial role in determining the performance in methane
decomposition. Ni catalysts supported over several metal oxides, such as silica, magnesia,
zirconia and titania, display optimal performance and higher stability in methane decompo-
sition compared with other monometallic catalysts, such as Co, Cu and Fe [17–19]. Hasnan
et al. recently found that Ni is the most active metal in methane decomposition [20]. The
selection of appropriate catalyst support is crucial in the performance of Ni-based cata-
lysts. Mesoporous silica-based materials are seldom used as catalyst support in methane
decomposition, but they are commonly used in other catalytic processes, such as dry re-
forming [21], CO2 methanation [22] and drug delivery [23]. The outstanding characteristics
of mesoporous silica, such as high surface area and porosity, contribute to adequate active
sites available for the reaction, and the presence of a large pore size would help in metal
dispersion [24,25].

Apart from that, the influence of the catalyst composition in the bimetallic catalyst
also plays an important role in determining its catalytic performance [26]. Pudukudy
et al. examined the performance of a Ni catalyst regarding Pd addition in the catalytic
decomposition of methane [10]. They found that the incorporation of a co-metal improves
the hydrogen yield and stability of the Ni catalyst throughout the 420 min of the reaction.
Even though only a small amount of Pd is added, the performance of the Ni-based catalyst
is still enhanced compared with that of the unpromoted catalyst. This result agrees with
the findings of another study by Pudukudy et al. on a monometallic Ni catalyst, in which
Ni/SiO2 displayed low stability during 300 min of reaction [27]. Saraswat and Pant reported
a Ni-based bimetallic catalyst in the catalytic decomposition of methane using Cu and Zn
as promoters supported over Ni/MCM-22 [28]. They found that the presence of Cu and
Zn prevents nanoparticle agglomeration and enhances the metal dispersion on the catalyst
support, thus contributing to the high catalytic performance in methane decomposition.
Hence, many studies focused on bimetallic catalysts to develop Ni-based catalysts with
improved activity in methane decomposition [29–33].

Cu and Fe are metals commonly studied as promoters in the methane decomposition
process. Cunha et al. reported that the formation of a Ni–Cu alloy promotes catalyst stability
during the reaction [34]. The addition of Cu inhibited the development of encapsulating
carbon, owing to the formation of a Ni–Cu alloy, which segregated the Ni active sites,
complicating the reaction of the adsorbed carbon species with each other on the catalyst
surface. This result agrees with the findings of Awad et al. [29]. In another study, Bayat et al.
examined the activity of a Ni–Fe/Al2O3 catalyst in methane decomposition and noticed
that the introduction of Fe improves the carbon diffusion rate, thus enhancing the catalyst
stability, even at high temperatures [32]. Tezel et al. synthesized a Ni–Fe-doped catalyst
via a co-impregnation method and obtained 69% methane conversion at 700 °C [35]. They
reported that an increase in the reaction temperature improved the initial conversion of
methane and enhanced the stability of the catalyst throughout the reaction. This is due to
the high amount of Fe present in the catalyst as well as the formation of the cubic structure
of the Fe2O3 compared to the hexagonal structure, which helps to extend the catalyst
lifetime as well as enhance its catalytic stability throughout the reaction [36].
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Our previous work examined the effect of Ni loading (5%, 10%, 30% and 50%) over
a Mesostructured Silica Nanoparticle (MSN) support and found that a 50% Ni/MSN
catalyst exhibited the best results regarding the hydrogen yield and stability throughout
360 min of reaction [37]. This can be ascribed to the enhanced properties of the MSNs that
favored the dispersion of the Ni particles on the MSN surface. An increase in the reaction
temperature would result in increased activity because methane decomposition is a highly
endothermic process [33,36]. However, the stability of the catalyst would be affected as a
large amount of carbon is produced [16]. Therefore, this research has been conducted to
study the effect of Fe and Cu addition on the activity and stability of a Ni/MSN catalyst in
methane decomposition at different reaction temperatures, by considering the high thermal,
chemical and mechanical stability of the MSNs. Moreover, the properties of the deposited
nanocarbon were also evaluated using various analytical techniques.

2. Results and Discussion
2.1. Catalyst Characterization

The XRD patterns of the fresh 50% Ni/MSN, 50% Ni–5% Cu/MSN and 50% Ni–5%
Fe/MSN catalysts are displayed in Figure 1. All the catalysts exhibited sharp diffraction
peaks at 2θ values of 37.2◦, 43.2◦, 62.9◦, 75.3◦ and 79.4◦, which were related to the formation
of NiO and Ni-based solid solutions for the unpromoted and Cu and Fe-promoted samples,
respectively [38,39]. No characteristic peaks for the MSNs were present, and only a small
hump was detected in all of the catalysts, which demonstrated the amorphous nature of the
MSNs [37]. The absence of any other diffraction peaks further validated the fine dispersion
of promoter metallic species in the catalysts. After 5% Cu incorporation in the 50% Ni/MSN
sample, a NixCu(1−x)O mixed oxide solid solution could be formed in the catalyst [40].
However, the peaks of NixCu(1−x)O mixed oxide were similar to the peaks of NiO. This
indicates that Cu ions are replaced with some Ni ions in its crystal lattice [29,41]. These
two species were difficult to differentiate. However, it should be noted that a calcination
temperature of 550 ◦C is sufficient for the formation of NixCu(1−x)O solid solution by their
interaction [42]. No other peaks for the formation of phase-segregated CuO and Cu2O were
noticed in the samples. The indistinguishable peaks of the NixCu(1−x)O mixed oxide and
NiO, as shown in the XRD patterns, may influence the physicochemical properties of the
Ni-based catalysts.
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Similar results were observed in the Ni–Fe/MSN catalyst. No peaks associated with
the Fe2O3 phase were detected in the XRD patterns. The existence of Fe in the catalyst was
expected to be in the form of spinel nickel ferrites [38], as both samples exhibited similar
diffraction peaks [40], as shown in Figure 1. The crystallite size of the metallic oxides (NiO)
in all of the catalysts was calculated using the integral breadth over the high peak intensity
diffraction peak at the (200) plane. The crystallite size was calculated to be 25.1 nm, 25.6 nm
and 26.5 nm for the 50% Ni/MSN, 50% Ni– 5%Cu/MSN and 50% Ni–5% Fe/MSN catalysts,
respectively. The crystallite size of NiO was not altered after the incorporation of metal
promoters into the catalysts, which is clear from the intensity of the diffraction peaks.

The surface functional groups present in the catalysts were studied by FTIR spec-
troscopy. The results presented in Figure 2 show three distinct transmission bands at
457 cm−1, 806 cm−1 and 1079 cm−1, which were related to the formation of MSNs [37,43].
These bands can be assigned to the asymmetric and symmetric stretching vibration of
the Si–O bonds and the asymmetric stretching vibration of the Si–O–Si bridges, respec-
tively [44]. Another weak band observed at 970 cm−1 could be attributed to the stretching
vibration of the Si–OH of the silanol groups [10]. All the transmission bands associated
with MSNs were maintained in the catalysts after the addition of Ni and promoters. The
weak band observed at 566 cm−1 was related to the bending vibration of the metal–oxygen
bond present in the sample [30]. The presence of a broad transmission band at 3431 cm−1

was attributed to the stretching and bending mode vibrations of the hydroxyl group, which
were induced by the presence of adsorbed water molecules.
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The morphology of the prepared catalysts was studied using FESEM analysis, and the
results are shown in Figure 3. The catalysts had an irregular morphology with polygonal-
shaped and non-uniform irregular particles, which were distributed on the MSN support.
The 50% Ni/MSN catalyst displayed nanoparticles with sizes ranging from 50 nm to
200 nm. Meanwhile, the Cu- and Fe-promoted Ni/MSN catalysts exhibited the presence
of more nano-sized particles ranging from 30 nm to 60 nm and well-developed tetragonal
structures with a size ranging from 100 nm to 200 nm. As shown in the figure, more
nanoparticles were accumulated in the promoted catalysts, which decreases the surface
area of the Ni/MSN catalyst [29]. This could be due to the additional surface coverage of
the MSNs after the addition of metal promoters.
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BET/BJH measurements were performed to study the textural properties of the cata-
lysts. As shown in Table 1, the MSNs possessed a very high surface area of 1095 m2/g and
a cumulative pore volume of 1.645 cm3/g, whereas the pore size was found to be 2.9 nm.
The surface area and pore volume were drastically decreased upon the loading of metals
on the MSN support. This can be associated with the agglomeration of particles on the
surface of the MSNs and the blocking of the MSN pores with metal particles, as confirmed
by morphological analysis [10,45].
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Figure 3. FESEM images of the prepared catalysts at two different magnifications (A and B).

Figure 4 displays the EDX and elemental mapping analyses of the copper and iron-
promoted catalysts. The results confirmed the presence of Cu and Fe as promoter metals in
the catalyst where the metallic species were dispersed on the surface of the MSN support.
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Ni/MSN catalysts.

Table 1. BET/BJH results of the prepared samples.

Sample BET Surface Area
(m2/g)

Pore Size
(nm)

Pore Volume
(cm3/g)

MSN 1095 2.9 1.645
50% Ni/MSN 409 2.3 0.514

50% Ni–5% Cu/MSN 324 2.6 0.601
50% Ni–5% Fe/MSN 319 3.4 0.491

Figure 5 shows the N2 adsorption/desorption isotherm of the catalysts. The isotherms
were type IV isotherms with an H1 hysteresis loop for all of the prepared catalysts, indicat-
ing that the particles were uniformly arranged with a cylindrical pore geometry, suggesting
uniformity in the pore size distribution of the catalysts. Meanwhile, the 50% Ni/MSN
catalyst exhibited type IV isotherms with an H4 hysteresis loop, indicating narrow slit-like
pores and hollow spheres with walls composed of ordered mesoporous silica [37]. The
inset pore size distribution curves of the catalysts displayed a monomodal pore structure,
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and the pore size distribution was in the range of 2 to 3.4 nm. This finding was compatible
with the mean pore size data provided in Table 1.

Catalysts 2023, 13, x  7  of  18 
 

 

Table 1. BET/BJH results of the prepared samples. 

Sample 
BET Surface 

Area<break/>(m2/g) 

Pore 

Size<break/>(nm) 

Pore Vol‐

ume<break/>(cm3/g) 

MSN  1095  2.9  1.645 

50% Ni/MSN  409  2.3  0.514 

50% Ni–5% Cu/MSN  324  2.6  0.601 

50% Ni–5% Fe/MSN  319  3.4  0.491 

Figure 5 shows the N2 adsorption/desorption isotherm of the catalysts. The isotherms 

were type IV isotherms with an H1 hysteresis loop for all of the prepared catalysts, indi-

cating that the particles were uniformly arranged with a cylindrical pore geometry, sug-

gesting  uniformity  in  the  pore  size  distribution  of  the  catalysts. Meanwhile,  the  50% 

Ni/MSN catalyst exhibited type IV isotherms with an H4 hysteresis loop, indicating nar-

row slit-like pores and hollow spheres with walls composed of ordered mesoporous silica 

[37]. The inset pore size distribution curves of the catalysts displayed a monomodal pore 

structure, and the pore size distribution was in the range of 2 to 3.4 nm. This finding was 

compatible with the mean pore size data provided in Table 1. 

 

Figure 5. N2 adsorption–desorption  isotherms and pore size distribution curves of 50% Ni/MSN, 

50% Ni–5% Cu/MSN and 50% Ni–5% Fe/MSN catalysts. 

Figure 5. N2 adsorption–desorption isotherms and pore size distribution curves of 50% Ni/MSN,
50% Ni–5% Cu/MSN and 50% Ni–5% Fe/MSN catalysts.

The reducibility of the unpromoted and Cu and Fe-promoted catalysts was evaluated
using TPR analysis. As shown in Figure 6, a clear and well-defined peak centered at 423 ◦C
and one broader reduction hump centered at 577 ◦C were observed for the 50% Ni/MSN
catalyst. The first peak can be associated with the reduction of NiO species with a weak
interaction with the MSN support [10]. The latter peak can be ascribed to the reduction of
NiO with a strong metal–support interaction [27], as confirmed by Pudukudy et al. [10]
who reported that the strong interaction of NiO with the support is developed by the
encapsulation of NiO particles inside the SBA-15 mesopore. The 50% Ni–5% Cu/MSN
catalyst displayed a small reduction peak at 229 ◦C, which might be due to the reduction of
any copper oxide species in the samples [9,40]. Awad et al. validated the dissociation of H2
molecules into separate atoms with the help of Cu0, which leads to the reduction of NiO
by the spillover effect [29]. The reduction peaks of the Ni/MSN shifted toward a lower
temperature after the addition of Cu, indicating an improvement in the reducibility of the
Ni/MSN catalyst.
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Figure 6. TPR profile of 50% Ni/MSN, 50% Ni–5% Cu/MSN and 50% Ni–5% Fe/MSN catalysts.

The H2-TPR profile of the 50% Ni–5% Fe/MSN displayed three reduction peaks. The
peaks located at 412 ◦C and 524 ◦C were attributed to the NiO reduction with weak and
strong metal–support interactions, respectively [40]. The last peak centered at 569 ◦C was
related to the reduction of NiFe2O4 species, which agreed with the XRD results [38,42,46].
It is noteworthy that the reducibility of the Ni/MSN catalyst improved upon the addition
of Fe, and the reduction temperature moved towards a lower temperature [36], which is in
agreement with Park et al. [47], as they reported the effect of the reduction condition on
the reaction over the surface of the catalyst as well as the growth mechanism of the carbon
nanotubes that are generated after the reaction.

2.2. Catalytic Decomposition of Methane

Methane decomposition is an endothermic process. Thus, the activity would increase
as the reaction temperature is increased. Methane decomposition reactions conducted at
high temperatures would produce high-quality nanocarbon and enhance the graphitic
order of the deposited carbon [48]. The production of multi-walled carbon nanotubes may
also increase despite the fact that the aggregation of metal particles may occur at high
reaction temperatures [8].

Figure 7 shows the catalytic activity of the prepared catalysts in the methane decompo-
sition. All of the catalysts displayed high initial activity in each of the reaction temperatures.
This is attributed to the enhanced textural properties of the MSN support, which provides
a high surface area and adequate sites for the active metals initially for the reaction. As
can be seen, with an increase in the reaction temperature, the catalytic performance was
enhanced for all of the catalysts. However, the Cu and Fe-promoted catalysts exhibited
better performance for the reaction compared to the unpromoted catalyst. At 700 ◦C,
the Cu and Fe-promoted Ni/MSN catalysts exhibited higher initial activity compared to
the unpromoted catalyst. The highest initial hydrogen yield and final yield measured at
360 min of time on stream were found to be 75% and 73%, 68% and 64% and 64.8% and
61% for the Fe and Cu-promoted and unpromoted catalysts, respectively.
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However, all the catalysts exhibited good stability throughout the reaction time,
whereas the catalytic activity slightly decreased in all of the catalysts. The high stabil-
ity could be due to the formation of bimetallic alloys in the catalysts. The decreased activity
of the catalysts may be due to the deposition of carbon, which lowers the surface area for
the menthane molecules to interact with [48].

As the reaction temperature increased to 800 ◦C, the unpromoted and promoted
catalysts showed the same trend with a high hydrogen yield at the initial stage of the
reaction. At this temperature, the 50% Ni–5% Fe/MSN catalyst displayed the highest yield
(80%) during the first 20 min, followed by the 50% Ni–5% Cu/MSN and 50%-Ni/MSN
catalysts with 71% and 69% of the yield, respectively. After 30 min on stream, the activities
of the 50% Ni/MSN, 50% Ni–5% Cu/MSN and 50% Ni–5% Fe/MSN catalysts started to
decrease slowly until the end of the reaction, and the yield was measured to be 54%, 63%
and 66%, respectively. Furthermore, it is worth mentioning that, as seen in Figure 7b, the
stability of the Cu and Fe-promoted catalysts was comparatively higher than that of the
unpromoted catalyst, as the hydrogen yield difference during the course of the reaction
seemed to be minimum for the promoted catalysts. This could be ascribed to the enhanced
role of the bimetallic alloys in the samples [30].
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A further increase in the reaction temperature to 900 ◦C increased the hydrogen yield
drastically during the first 10 min of the reaction, with a hydrogen yield of 85%, 88% and
91% for the unpromoted and Cu and Fe-promoted catalysts, respectively. As shown in
Figure 7c, the activity of the catalysts started to drop after 20 min on stream. The same
kinetic curve trend was observed for all of the catalysts. The hydrogen yield of the 50% Ni–
5% Cu/MSN catalyst decreased to 74% and remained more or less the same until 360 min
on stream, with a final yield of 67%. The 50% Ni–5% Fe/MSN catalyst displayed better
activity and stability at 900 ◦C, with 74% of the final hydrogen yield. This result may be
attributed to the Ni–Fe alloy formation, which decreased the rate of decomposition and then
enhanced the carbon diffusion rate on the surface of the metal and, therefore, prevented
the catalyst deactivation at high reaction temperatures [32,38]. The introduction of Fe
into Ni/MSN helped maintain the stability of the catalyst, even at high temperatures [46].
Catalyst deactivation is reported to occur when the carbon diffusion rate is slower than the
carbon formation rate, thus leading to the formation of encapsulating carbon [49]. Carbon
encapsulation occurs when carbon starts to build on the surface of the catalyst and then
encapsulates the metal particles. The high surface area and porosity of the MSNs helped
to prevent the agglomeration of metal particles on the MSN support. As a result, all the
catalysts achieved adequate stability throughout 360 min of the reaction conducted at
high temperatures up to 900 ◦C. This catalytic performance indicated that the enhanced
properties of the promoted catalyst were achieved at higher reaction temperatures owing
to the formation of bimetallic alloys [50]. Additionally, at high reaction temperatures, the
Ni–Cu or Ni–Fe alloys generated a quasi-liquid condition, then averted the fragmentation
process, which led to the generation of small particles as well as the rearrangement of the
structural and electronic properties, which prevented the catalysts from agglomerating and
then preserved their catalytic stability [51].

2.3. Characterisation of Spent Catalysts

Carbon yield is defined as the ratio of the amount of carbon deposited over the catalyst
to the total amount of metallic species present in the catalyst that has been used initially in
the decomposition reaction. The yield of carbon obtained after the decomposition reaction
at three different reaction temperatures was further calculated using Equation (2), and the
results are shown in Figure 8. As can be seen, with an increase in the reaction temperature,
the carbon yield increased significantly. The highest carbon yield was obtained for the
methane decomposition reaction at 900 ◦C. The yield was calculated to be 1254%, 1572%
and 1896% for the unpromoted Ni/MSN and Cu and Fe-promoted Ni/MSN catalysts at
900 ◦C, respectively. The increase in the carbon yield could be attributed to the higher
conversion of methane at high temperatures over the present catalysts. As expected, the Fe-
promoted catalyst exhibited the highest carbon yield as the highest yield of hydrogen was
also obtained for the same catalyst. Thus, consistency in the product yield was observed in
the methane decomposition reaction.

The morphology and the graphitization degree of the carbon produced by the spent
catalysts were further evaluated using XRD, FESEM, Raman and TEM analyses.

Figure 9 displays the XRD patterns of the 50% Ni/MSN, 50% Ni–5% Cu/MSN and
50% Ni–5% Fe/MSN catalysts after the methane decomposition reaction at 900 ◦C. The well-
defined peak centered at 26.3◦ in all the catalysts was assigned to the presence of graphitic
carbon in the spent catalysts. The most intense carbon peak with the highest intensity was
achieved by the 50% Ni–5% Fe/MSN catalyst (Figure 8c), which demonstrated that the
high crystallinity of nanocarbon was produced with the introduction of Fe at high reaction
temperatures. This result agrees with the findings of Torres et al. [48]. Additionally, the
d-spacing values of the 26.3◦ diffraction peaks of the 50% Ni/MSN, 50% Ni–5% Cu/MSN
and 50% Ni–5% Fe/MSN spent catalysts were calculated to be 0.3357 nm, 0.3356 nm and
0.3355 nm, respectively. These values were close to the ideal value for a graphite-like
structure, which is 0.34 nm, representing a higher quality of carbon produced in this study
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on the structure and oxidation activity of the solid carbon produced from the catalytic
decomposition of methane [52].
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The other small peak located at 43.7◦ also belonged to the graphitic carbon. Further-
more, the diffraction peaks at 44.5◦ and 51.9◦ were associated with the presence of metallic
Ni and Cu and Fe-based bimetallic nickel alloy species in the catalysts. This result indicates
that NiO or metallic oxide species were completely reduced to metallic Ni or bimetallic
alloys during the pre-treatment steps of the reaction. The higher intensity of these Ni0

peaks in the 50% Ni–5% Cu/MSN catalyst (Figure 8b) demonstrated the higher crystallinity
of the Ni–Cu alloy particles by the reduction treatment [53]. The other peaks were related
to the formation of metallic carbides formed by the reaction of the metals present in the
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catalyst with the formed carbon at high reaction temperatures, as reported by Pudukudy
et al. [54]. The formation of these bimetallic alloys, especially the Ni–Fe alloy, enhanced the
hydrogen yield and stability of the Ni catalyst at high temperatures.

Raman spectroscopy was employed to study the crystallinity and graphitization
degree of the carbon deposited over the catalysts, and the results are shown in Figure 10.
Each catalyst displays two well-defined peaks related to the D-band and G-band. The
D-band centered at 1340 cm−1 is assigned to the presence of disordered carbon in the
graphitic carbon, whereas the G-band centered at 1570 cm−1 is attributed to the stretching
vibration of in-plane carbon-carbon bonds [53]. The ID/IG ratios were found to be 0.82,
0.79 and 0.54 for the 50% Ni/MSN, 50% Ni–5% Cu/MSN and 50% Ni–5% Fe/MSN spent
catalysts, respectively. The decreases in the ID/IG ratio indicated the improved crystallinity
and graphitization degree of the carbon produced at high reaction temperatures.
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The morphological features of the spent catalysts were investigated by FESEM analysis.
As the highest carbon yield was obtained for the Fe-promoted Ni/MSN catalyst, it was
further selected for the morphological studies and FESEM micrographs at two different
magnifications, as shown in Figure 11. As can be seen, the surfaces of the catalysts were
found to be accumulated with the bulk amount of carbon nanotubes (CNTs). The detailed
examination of the deposited carbon nanotubes validates the existence of open tips in
the CNTs. The lengths of the deposited CNTs were found to vary greatly, whereas the
widths were observed to be in the range of 40 nm to 80 nm. The development of the open
tips can be attributed to the presence of a strong metal–support interaction in the catalyst.
The strong metal–support interaction could be attributed to the encapsulation of metallic
nanoparticles on the mesopores of the MSN support. As a result of this, the carbon crystal
tends to grow by a base growth mechanism followed by an open tip, while the metal tends
to be at the bottom portion of the carbon nanotube [10].
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Figure 12 shows the internal morphology of the deposited nanocarbon obtained at
900 ◦C. The carbon was deposited in the form of a filamentous structure in all of the
catalysts. The TEM images showed that the produced filamentous carbon was in the form
of multi-walled carbon nanotubes with open tips and diameters ranging from 45 nm to
70 nm. An internal hollow channel diameter of 10 nm to 35 nm was observed for the CNTs,
regardless of the role of the promoters in the catalysts. In addition, a bamboo-like internal
tube structure was observed for the nanotubes, and some of the metal/alloy nanoparticles
were found to be encapsulated inside the carbon nanotubes, which is clearly evident in
the TEM images of the Cu-promoted spent catalysts. The metal nanoparticles with a weak
metal–support interaction could suffer the encapsulation process.
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3. Materials and Methods
3.1. Preparation of the Catalysts

The catalyst support, Mesostructured Silica Nanoparticles (MSNs), was synthesized
according to our previous work [38]. Firstly, 9.68 g cetyltrimethylammonium bromide
(Merck, New York, NY, USA), 58 mL of ammonia solution and 240 mL of ethylene glycol
(Merck) were dissolved in 1440 mL of deionized water and then stirred at 50 ◦C for
30 min. Then, 11.4 mL of tetraethyl orthosilicate (Merck) and 2.1 mL of 3-(triethoxysilyl)-
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propylamine (Merck), which act as silica precursors, were added slowly to the mixture,
thereby turning the clear mixture into a white suspension. Then, the solution was further
stirred at 80 ◦C for 2 h. Afterwards, the white solution was kept in a refrigerator for
separation into two layers. After several days, the white precipitate separated in the
solution was collected and washed several times with a distilled water and ethanol mixture
at a ratio of 1:1. The obtained as-synthesized MSNs were dried in the oven overnight at
110 ◦C and then calcined for 3 h at 550 ◦C.

A co-impregnation method was employed in the synthesis of the metal-loaded MSN
catalysts. The desired amount of Ni salt, such as Ni(NO3)2·6H2O with 50 wt.% of metallic
nickel, in the final sample was weighed and then dissolved in 500 mL of deionized water.
The nitrate salts of the co-metal promoters, such as hydrated nitrated salts of Cu and Fe,
having 5 wt.% of each metal promoter, were also added. Then, the prepared MSN powder
was added slowly to the mixed-metal salt aqueous solution and heated at 90 ◦C and mixed
well with a magnetic stirrer until it became a homogenous paste. After that, the paste was
dried at 110 ◦C overnight and finally calcined at 550 ◦C for 3 h. The resulting catalysts were
in the form of a colored powder and were named 50% Ni/MSN, 50% Ni–5% Cu/MSN and
50% Ni–5% Fe/MSN.

3.2. Characterization of the Catalysts

The physical and chemical properties of the fresh catalyst samples were studied by var-
ious methods. X-ray diffraction analysis was used to determine the crystalline structure of
the catalysts using a D8 Focus Advance powder diffractometer (Bruker, Billerica, MA, USA)
with Cu Kα monochromatic radiation with a wavelength, λ, of 1.5406 Å. The diffraction
angle was set from 0 to 80◦, and the crystallite sizes were calculated using the Scherrer equa-
tion. The functional groups present in the catalysts were determined using Fourier Trans-
form Infrared spectroscopy (FTIR, Thermo Scientific NICOLET 6700 apparatus, Waltham,
MA, USA) performed in the range of 400 to 4000 cm−1 at room temperature. The nitrogen
adsorption–desorption isotherms, together with the surface area, pore size distribution
and pore volume, were measured using the BET/BJH method in a Micromeritics ASAP
2020 chemisorption analyzer (Norcross, GA, USA) at −196 ◦C. The treatment began as the
samples were degassed at 300 ◦C for 3 h before the analysis was carried out. Temperature-
programmed reduction (TPR) analysis was carried out to study the reducibility of the
catalyst using a Thermo Finnigan TPDRO 1100 model (San Jose, CA, USA). The surface
morphology of the catalysts and the spent catalysts was studied using a field emission
scanning electron microscope (FESEM) conducted in a Zeiss MERLIN COMPACT machine
(Carl Zeiss, Jena, Germany) with an accelerating voltage of 3 kV. The deposited carbon was
analyzed by Raman spectroscopy (Thermo Scientific, DXR2xi) and a transmission electron
microscope (TEM) (Thermo Fisher Talos 120C model, Waltham, MA, USA).

3.3. Investigation of the Catalytic Performance for Methane Decomposition

The activity of the catalyst was studied for the decomposition of undiluted methane
at various reaction temperatures (700–900 ◦C). The reactions were conducted in a tubular
fixed-bed reactor made of stainless steel (height of 60 cm; outer diameter of 3.1 cm; inner
diameter of 2.5 cm), which was heated by an electric muffle under atmospheric pressure.
The desired weight of the catalyst (1.0 g) was packed in the middle of the reactor. The
catalyst was reduced in-situ with hydrogen (150 mL/min) at 600 ◦C for 90 min. After that,
nitrogen gas (150 mL/min) was introduced into the reactor to increase the temperature of
the reactor to the desired temperature. The catalytic testing was carried out at atmospheric
pressure (0.1 MPa) with a flow of undiluted methane (100 mL/min) for 360 min on stream.
The products of the outlet gases were collected in gas bags and were analyzed by a gas
chromatograph, GC 2014C (Shimadzu, Osaka, Japan), equipped with a TDX-01 column
connected to a thermal conductivity detector (TCD), using helium as the carrier gas. At
the end of the experiments, the reactor was flushed with nitrogen (50 mL/min) to cool
down the reactor and, thus, the spent catalyst in the form of carbon was taken for further
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analysis. The hydrogen yield and carbon yield were calculated according to the following
Equations (1) and (2)

Hydrogen yield =
H2(outlet)

2 ∗ CH4(inlet)
∗ 100 (1)

Carbon yield =
Amount o f carbon deposited in gram

Total amount o f metallic species presnt in the catalyst in gram
∗ 100 (2)

4. Conclusions

Ni/MSN catalysts with Cu and Fe-promoters were synthesized by using an impregna-
tion method, and their performance in methane decomposition was investigated at 700 ◦C,
800 ◦C and 900 ◦C. Fine dispersion of the active phase NiO and Cu and Fe-incorporated
NiO on the MSN surface with proper metal–support interaction was achieved. Catalytic
activity tests revealed that both the hydrogen yield and stability of the Ni/MSN catalyst
increased upon the incorporation of Cu and Fe at all of the reaction temperatures. The
pronounced performance of the catalyst at high temperatures could be attributed to the
enhanced synergistic effects between the metallic nickel species and the MSN support, to-
gether with the formation of a bimetallic alloy, which enhanced the stability of the Ni/MSN
catalyst, even at high temperatures. The improved performance of the Ni/MSN catalysts
in methane decomposition can be ascribed to the high surface area, fine dispersion of the
metal species on the surface of the support, an appropriate metal–support interaction and
the presence of bimetallic alloy nanoparticles. The characterization studies of the deposited
carbon showed that MWCNTs with a high crystallinity and graphitization degree formed
over the catalysts after the methane decomposition reaction.
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