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Abstract

Hydrogen is an alternative source of renewable energy that can be produced by methane decomposition without any CO,
formation. In this work, an impregnation method was used to prepare a set of Ni-based catalysts (5% to 50%) supported on
mesostructured silica nanoparticles (MSNs) for its application in methane decomposition. The use of MSN as an effective
support for nickel in methane decomposition was reported here for the first time. The physical, chemical and structural
properties of the catalysts was studied and the results indicated that NiO was the active species in the fresh catalyst that were
effectively distributed on the mesoporous surface of MSN. The reduction temperature of Ni/MSN catalysts were shifted
to low temperatures with increased loading of nickel. The hydrogen yield increased with the increment of Ni amount in
the catalysts. The catalytic activity of the 50% Ni/MSN catalyst showed that this catalyst was highly efficient and stable
compared with other catalysts. The catalyst showed the highest hydrogen yield of 68% and remained more or less the same
during 360 min of reaction. Approximately 62% of hydrogen yield was observed at the end of reaction. Further analysis
on the spent catalysts confirmed that carbon nanotubes was formed over Ni/MSN catalyst with high graphitization degree.

Keywords Hydrogen production - Mesostructured silica nanoparticles - Ni/MSN catalysts - Carbon nanotubes - Surface
catalysis

1 Introduction

The rapid development of human activities has led to global
warming that has become a major concern worldwide. The
reality of the alternative energy in the industrial sector is
a transformation towards pollution, energy security and
globalisation. In the early 1980s and 1990s, fuel cells were
extensively known as a front-line technology that introduced
hydrogen as an alternative energy, which is becoming a
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Hydrogen can be produced from a variety of sources,
such as biomass, natural gas, water and hydrocarbons, by
using various methods. Steam reforming is commonly used
in hydrogen production from hydrocarbon, especially from
methane, due to its abundant sources. However, the presence
of CO and CO, as the by-products and coke formation that
eventually causes catalyst deactivation are the major draw-
backs of steam reforming [6—10]. Hence, methane decom-
position is introduced as another possible method for hydro-
gen production from methane because it produces CO,-free
hydrogen and solid carbon with different morphologies as
a product. The process is also simple, and no purification
of products, such as in water—gas shift reaction, is required
because the process does not produce any greenhouse gas
as a by-product of the reaction [11-13]. The solid carbon
produced may be in various carbon form depending on the
catalyst used. Most of the ordered nanocarbon structure of
the produced carbon can be obtained using a metal-based
catalyst, while carbon-based catalyst generally results in
amorphous carbon [14].

The methane decomposition is an endothermic process
involving the use of high temperature to decompose meth-
ane because of the strong bond between C and H, which
are very difficult to break. Therefore, the use of the catalyst
can reduce the reaction temperature to break the C—H bond
[15-17]. Hydrogen production through methane decomposi-
tion is an approach that has a considerable prospect and has
been studied extensively. The natural properties of metal
species, the thermal stability of catalyst supports and the
surface area of the catalyst considerably influence the cata-
lytic activity. The transition metals such as Ni, Fe, Cu and
Co-based catalysts that are supported on various supports
are commonly used in methane decomposition due to its low
cost. Among the studied metal catalysts in methane decom-
position, Ni is one the most effective catalysts and commer-
cially available. The selection of a catalyst support helps
in determining catalytic performance in terms of methane
conversion and improving its stability for long periods on
stream. Therefore, catalyst support with high surface area is
highly favourable. Many studies have been performed on Ni
catalyst by varying catalyst supports, such as metal oxides
(Si0,, TiO,, Al,0O5, and MgO) and carbonaceous materials.
The enhanced effects of these supports have been investi-
gated [18-24].

Several works on Ni-based catalysts were discussed
here. For example, Gac et al. [25] reported the effect of Ni
crystallite size on the catalytic activity in methane decom-
position by introducing MgO into Ni-Al,O; catalyst. The
decrease in Ni crystallite size was observed which favoured
the methane decomposition. It could be associated with
the strong metal—support interaction. The initial activity of
Ni-Al,O; is higher, and the deactivation occurs faster for
Ni-MgO-Al,O; catalyst than those of the MgO-rich catalyst
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due to the structural changes in Ni crystallite with carbon
deposition which caused the blockage on the active surface
of the catalyst as the amount of carbon increased with the
increment of MgO addition. Salipira et al. [26] studied the
effect of Ni loading on TiO, support. The methane conver-
sion of Ni/Ti0, catalyst increases along with the increment
of the Ni loading from 7 to 20% prepared by impregnation
method. The results agreed with those of Pudukudy et al.
[24], who used high amounts of Ni loading (10-50 wt%) and
used a one-pot sol-gel method to prepare the catalyst. All
catalysts displayed high stability during 360 min on stream
with highest activity were achieved by 50 wt% Ni/TiO,.
The stability test was conducted over 50 wt% Ni/TiO, for
960 min, and no extreme deactivation was observed through-
out the reaction. The activity decreased slowly due to the
less contact of methane molecules towards the availability
of active Ni particles after long reaction time.

In addition to transition metal oxide-based supports,
the mesoporous silica-based materials, such as MCM-41,
MCM-48, SBA-15, KIT-5, KIT-6 and zeolites have been
used as catalyst supports in methane decomposition. These
materials possess high surface area and unique surface fea-
tures that improve the catalytic activity of methane decom-
position by enhancing metal dispersion on the support and
favour an improved metal support interaction [27]. Guevara
et al. [28] examined the activity of Ce-modified Ni/MCM-
41 catalyst in methane decomposition. The Ni/Ce-MCM-41
catalyst showed a high stability during 1400 min of reaction
time without any evident deactivation. An outstanding sta-
bility of the catalyst with high conversion of methane (74%)
at 580 °C could be attributed to the synergy of Ce with Ni/
MCM-41. Meanwhile, Pudukudy et al. [29] evaluated the
activity of Ni-based catalyst over SBA-15 support. The
catalytic performance of Ni/SBA-15 in terms of hydrogen
yield is higher than that of Ni/MgAl,O, [23] with consid-
erable stability for 420 min on stream. The results agreed
with those of Goémez et al. [30] and Urdiana et al. [31], who
showed outstanding stability during 780 and 1440 min on
stream, respectively due to the strong interaction between Ni
and SBA-15 support caused by the hexagonal mesoporous
structure of the support. The activity of Ni catalysts over
the difference pore structure of mesoporous silica materials
as catalyst support were examined by Tanggarnjanavalukul
et al. [32]. Monomodal and bimodal porous materials with
straight (SBA-15, MCM-41) and sinusoidal pores with the
same and different pore sizes (Xerogel-5 and BPS-5) were
used as catalyst supports over Ni catalyst and synthesized
using incipient wetness impregnation method. The resulting
kinetic activities of Ni-based catalysts followed the order
of Ni/Xerogel-5 < Ni/SBA-15 <Ni/MCM-41 < Ni/BPS-5.
The highest activity and stability in methane decomposition
conducted at 500 °C were achieved by Ni/BPS-5 catalyst.
Compared with MCM-41, SBA-15 and Xerogel-5, BPS-5
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possesses the largest pore size which has a positive effect
on the catalytic performance of Ni catalyst. Therefore, the
properties of pore and its size influence the overall activity
in methane decomposition in terms of allowing Ni particles
to disperse well on the catalyst support [33].

A special type of mesoporous silica, namely mesostruc-
tured silica nanoparticle (MSN), is introduced in recent
years with uniform pore distribution, tunable pore size,
high chemical, mechanical and thermal stability and ordered
porous network, thereby allowing a free and improved dif-
fusion of the reactant substrate [34, 35]. The MSN is com-
monly used in catalysis as catalyst support and in drug deliv-
ery application [36-38]. MSNs are ideally suited for catalyst
support due to its extremely high surface area (~ 1000 m?/g),
mesopores and the ability of MSN to promote the dispersion
of metals on the surface of MSN. These characteristics of
MSN may help in improving the dispersion of Ni particles
on the surface of MSN, despite of different loadings of Ni
[38]. This is because generally, high loading of Ni would
lead to the aggregation of Ni particles thus producing larger
particles in size, meanwhile, low loading of Ni would result
in the high dispersion of Ni on the surface of support. Recent
studies are focused on maximising hydrogen production and
improving catalyst stability for long flow periods at the same
time. In this paper, we report the use of MSN as a cata-
lyst support for the application of Ni catalyst in methane
decomposition. Considering the current studies on methane
decomposition, to our knowledge, this is the first work that
uses MSN as a catalyst support for methane decomposition,
although other mesoporous silicas have been investigated
widely, as discussed in detail above. The effect of Ni loading
on the physicochemical properties and activity for meth-
ane decomposition is investigated. The MSN provided an
improved metal dispersion in the catalyst and effectively
favoured the reaction with increased methane conversion
and catalyst stability.

2 Experimental
2.1 Synthesis of MSNs

A sol-gel method was used for MSN synthesis, as reported
by Aziz et al. [36]. Firstly, 9.68 g cetyltrimethylammonium
bromide (Merck), 58 ml of ammonia solution and 240 ml
of ethylene glycol (Merck) were dissolved in 1440 ml of
deionised 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)-propylamine (Merck), which act as silica
precursors were added slowly into 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 sepa-
rated in the solution was collected and washed several times
with the distilled water and ethanol mixture ratio of 1:1. The
obtained as-synthesized MSN was dried in the oven over-
night at 110 °C and then calcined for 3 h at 550 °C.

2.2 Synthesis Ni/MSN catalysts

A wet impregnation method was used to synthesise the MSN
supported Ni catalysts. The desired amount of Ni salt, Ni
(NO3),-6H,0 was weighed in accordance to 5, 10, 30 and
50 wt% Ni in the catalyst and dissolved in 500 ml of deion-
ised water to become an aqueous nickel salt solution. Then,
the catalyst support, MSN, was added delicately into the
aqueous solution, and the solution was heated and mixed
with magnetic stirrer at 90 °C until it became a homogenous
paste. Afterwards, the obtained paste was dried in the oven
overnight and finally calcined for 3 h at 550 °C. The result-
ing Ni/MSN catalyst was in the form of greyish powder and
labelled as 5%, 10%, 30% and 50% Ni/MSN.

2.3 Characterization of the fresh and spent
catalysts

The physicochemical properties of the fresh catalysts were
examined by various methods. X-Ray diffraction (XRD)
analysis was used to determine the phase and crystalline
structure of the catalysts by using a D8 Advance (Bruker)
instrument. The Cu Ka monochromatic radiation with a
wavelength of 1.5406 A was used to record the XRD pat-
terns. The diffraction angle was set from 0° to 80°, and
Scherrer equation was used to calculate the crystallite size.
The surface properties of the catalyst were characterized
using Fourier transform infrared spectroscopy (FTIR) by
using a NICOLET 6700 IR spectroscope (Thermo Scien-
tific), and transmission mode was used to record the spectra
in the 400-4000 cm™' region. The BET/BJH method was
carried out in a Micromeritics ASAP 2020 at — 196 °C to
measure the N, adsorption—desorption isotherms, together
with the pore size distribution and pore volume. The samples
were firstly degassed for 6 h at 300 °C before starting the
analysis. The reducibility of the catalysts was studied via
the temperature-programmed reduction (TPR) analysis by
using Thermo Finnigan TPDRO 1100 model. The analysis
was performed from 50 to 950 °C under 5% H, in Ar gas
mixture with the flow rate of 30 ml/min and a heating rate
of 10 °C/min. A gas chromatograph (GC) equipped with
a thermal conductivity detector (TCD) was connected to
the TPR instrument and used to analyse the total hydrogen
consumed by each catalyst. The surface morphology of the
catalysts was studied using field emission scanning electron
microscope (FESEM) conducted in Zeiss MERLIN COM-
PACT machine with an accelerating voltage of 3 kV. The

@ Springer



372

Journal of Porous Materials (2020) 27:369-382

crystalline features of the deposited carbon were analysed by
XRD and Raman spectroscopy (Thermo Scientific DXR2xi
model), and the internal morphology of the deposited carbon
was examined by FESEM and transmission electron micro-
scope (TEM; Thermo Fisher, Talos 120C model).

2.4 Catalytic testing for methane decomposition

The catalytic performances of the catalysts in methane
decomposition were tested in a tubular fixed-bed reactor
made of stainless steel (height of 60 cm, inner diameter of
2.5 cm) that was heated in an electric muffle. The reaction
was performed at a fixed temperature (700 °C) under atmos-
pheric pressure. The catalyst was packed in the middle of the
reactor with the desired weight of the catalyst (i.e. 1.0 g).
The treatment began with the reduction of the catalyst with
a hydrogen flow rate of 150 ml/min at 600 °C for 90 min.
Afterwards, the treatment was continued by N, gas with
a flow rate of 150 ml/min to increase the temperature of
the reactor up to 700 °C. The catalytic testing was carried
out with an undiluted methane flow rate of 150 ml/min for
360 min of reaction under atmospheric pressure (0.1 MPa).
The outlet gases were collected in the gas bags, and a GC
2014C (Shimadzu) equipped with TDX-01 column that was
connected to TCD was used to analyse the outlet products
with He as the carrier gas. After the completion of the reac-
tion for 360 min, N, gas was flowed out into the reactor for
cooling purposes, with the flow rate of 50 ml/min. The spent
catalyst in the form of solid carbon was collected and taken
for analysis. The hydrogen yield was calculated using the
method reported by Pinilla et al. [39], whereas the carbon
yield was calculated from the amount of catalyst used ini-
tially and the amount of carbon deposited after 360 min of
methane decomposition [40].

3 Results and discussion
3.1 Characterization of the Ni/MSN catalysts

The XRD patterns of all of the synthesized catalysts are
shown in Fig. 1. Figure la presents the small-angle XRD
patterns of the MSN support and Ni/MSN catalysts. It dis-
plays three significant peaks at the 26 values of 2.2°, 3.9°
and 4.5°, and these peaks were assigned to (100), (110) and
(200) planes, respectively, which can be attributed to the
characteristic features of mesoporous silica [36, 37, 41].
The existence of high-order peaks, such as (110) and (200),
indicates the high degree of ordered hexagonal pores in the
materials [36]. The presence of metal species in the pores
and surface of MSN and a degradation on the MSN frame-
work decreased the intensity of the low-angle diffraction
peaks with an increased Ni loading in the catalysts [36, 38].
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Fig.1 XRD patterns of the prepared samples: a small and b wide
angle diffraction patterns

In the XRD pattern of MSN in Fig. 1b, no diffraction
peaks were detected. Meanwhile, only a weak hump was
observed in the 20 region of 20°-25°. This hump demon-
strated the amorphous nature of MSN [37]. Nevertheless,
several intense peaks were detected in all Ni/MSN catalysts
with different Ni loadings. The peaks were located at 37.2°,
43.2°,62.7°,75.4° and 79.1° which belong to the face-cen-
tred, cubic-phase crystalline structure of NiO [40]. No other
peaks were observed in the sample, thereby indicating the
absence of impurities in the as-synthesized catalysts. The
intensity of the peaks increased as the Ni loading increased.
It could be due to the increased Ni amount in the catalyst,
along with their increased crystallinity. The full width at
half maximum of the intense peak were used to calculate the
NiO crystallite size and the crystallite size which were cal-
culated to be 9.5, 23.2, 28.6 and 39.4 nm for 5, 10, 30 and 50
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wt% Ni/MSN catalysts, respectively. This result showed an
increase in NiO crystallite size in the increased Ni amount in
the catalysts, thereby indicating the enhanced crystallinity of
NiO over MSN. Moreover, MSN can allow the metal species
to be properly dispersed on the MSN surface.

Figure 2 shows the FTIR spectra of the MSN and Ni/MSN
catalysts. The presence of an intense band at 1077 cm™!
(peak IV) was assigned to the asymmetric stretching vibra-
tion of Si—-O-Si bridges, and other bands at 806 cm™" (peak
II) and 454 cm™! (peak I) were ascribed to the symmetric
and asymmetric stretching vibrations of the Si—O bonds.
The presence of these peaks confirmed the MSN formation
[37]. The weak band at 967 cm™! (peak IIT) was detected
corresponding to the stretching vibration of Si—OH of the
surface silanol groups. It might be also induced by the pres-
ence of transition metal atoms that are close to the silica
framework because the stretching vibration mode of Si—O
is interrupted by the adjacent metal ions [41]. The transmis-
sion bands related to Ni—O bonds in the region of 450 cm™!
can be merge with the SiO, peaks [41, 42]. Nevertheless,
no band shift was observed for MSN after metal deposi-
tion, thereby indicating that the Ni particles did not inter-
fere the MSN framework. The broad band at 3431 cm™ was
assigned to the stretching and bending vibrations of the O—H
group which were initiated by the existence of adsorbed
water molecules.

Figure 3 displays the FESEM images of the MSN sup-
port and Ni/MSN catalysts with different Ni loading. As
shown in Fig. 3a, the highly uniform spherical particles with
10-20 nm size were observed for the MSN support. How-
ever, there is no severe difference in the surface morphol-
ogy was observed for the catalysts with low Ni loadings, as
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4000 3500 3000 2500 2000 1500 1000 500
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Fig.2 FTIR spectra of the samples: (a) MSN and (b) 5%, (c) 10%, (d)
30% and (¢) 50% Ni loaded catalysts

shown in Fig. 3b—d. However, the increased in Ni loading,
such as 50%, resulted in the formation of large particles with
the size varying from 30 to 60 nm, as shown in Fig. 3e.
However, the particle aggregation is somewhat similar in all
of the catalysts. It further validates that the growth of NiO
particles over MSN was regulated in the present set of cata-
lysts. Figure 4 shows the FESEM mapping analysis of the
catalysts. All catalysts displayed the effective dispersion of
Ni species on the surface of MSN, in agreement with TEM
images of the Ni loaded catalysts as shown in Fig. 5. In gen-
eral, high loading of Ni would lead to the aggregation of Ni
particles thus producing larger particles in size, meanwhile,
low loading of Ni would result in the high dispersion of Ni
on the surface of support [43]. The TEM images show the
presence of well-resolved pores in the MSN support, and the
NiO particles were dispersed on the MSN surface.

The textural properties of the synthesized catalysts were
examined using BET/BJH analysis, and the results of the
surface area and porosity are shown in Table 1. An extremely
high surface area of 1094.8 m%g belonged to MSN, with the
mean pore size of 4.9 nm. However, the surface area of the
MSN slightly dropped to 1007.7 m*/g after 5% of Ni loading
due to the blocking of NiO nanoparticles on MSN surface
pore [44]. The Ni/MSN surface area continued to decrease,
as shown in Table 1. The N,-sorption isotherms of all cata-
lysts shown in Fig. 6a indicated type IV isotherm which con-
firmed the mesoporous nature of the catalyst and hysteresis
loop H4 which illustrates the narrow slit-like pores together
with particles of irregular inner voids [37]. The decrease in
the surface area of the catalyst as the Ni loading increased
indicating the pore blockage by the Ni species. The pore size
distribution of all catalyst is presented in Fig. 6b. The pore
size distribution of all catalyst was found to be in the range
of 2.3-2.9 nm. All catalysts, including the MSN support,
displayed an approximately equal pore size, whilst the pore
volume decreased after Ni loading due to pore filling and/
or blocking with metal species. The pore volume of MSN
continued to decrease with the addition of Ni.

TPR analysis was conducted to study the reducibility of
the catalysts and metal support interactions in the catalysts.
Figure 7 shows the TPR profiles for MSN and Ni/MSN
catalysts with varying Ni loading. No reduction peaks were
observed for MSN. All Ni/MSN catalysts displayed two
main reduction peaks, as follows. The first main peak that is
located at nearly 425 °C could be ascribed to the reduction
of surface NiO particles having weak interaction with the
MSN support [29]. The next peak observed at 550 °C can
be related to NiO reduction with strong metal support inter-
action. These particles were expected to exist in the pores
of MSN by metal trapping process and which are relatively
difficult to reduce than the surface NiO particles. The second
reduction peak of 30% and 50% Ni/MSN catalysts related to
the reduction of strongly interacted NiO displayed a different
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Fig.3 FESEM images the a
MSN and b 5%, ¢ 10%, d 30%
and e 50% Ni loaded catalysts

degree of interaction with MSN support [44]. The reduction
peak positions were almost the same in all catalysts which
further indicated the enhanced role of MSN for metal disper-
sion, which is consistent with the characterization results.
The peak reduction area of 30% Ni/MSN was quite lower
that compared to the 10% Ni/MSN as shown in Fig. 7. It
might be associated with the high interaction of NiO species
with the MSN support which lead to the production of more
encapsulating NiO on the MSN pores, resulting in the weak
reducibility of NiO species as reported previously [29]. It is
quite deviated from the expected results that the increased
nickel loading could result in the high reduction peak area
due to increased consumption of hydrogen for the reduction
of metal oxide.

3.2 Catalytic activity for methane decomposition
Methane decomposition was performed using Ni/MSN

catalysts with varying Ni loadings to study the effect of
Ni loading on their catalytic activity. The metal loading
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reported in this work is based on previous research results
[24, 45, 46]. As Ni/MSN is a metal-based catalyst, the
loading of metal is very important. The higher loading of
metal usually restricts the enhanced role of catalyst sup-
port such as MSN in the catalytic reaction. Therefore, we
had selected the lower loading of metals with a maximum
of 50%. Above 50%, the role of MSN could be diminished
and the catalyst will be expected to shows the behaviours
of unsupported catalyst. The reactions were conducted at
700 °C and atmospheric pressure condition with 150 ml/
min flow of methane gas. The kinetic curves of the meth-
ane decomposition are shown in the Fig. 8. All catalysts
exhibited high hydrogen yield in the first few minutes on
the stream. After 20 min of reaction, a Ni amount depend-
ent activity was observed. The hydrogen yield reached
51%, 57%, 54% and 62% for 5%, 10%. 30% and 50% Ni
loaded catalysts, respectively. However, a rapid decrease
in hydrogen yield was observed for 5% Ni/MSN catalyst
after 30 min of reaction. The yield significantly decreased
to 14% and continued for the entire reaction. This result
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Fig.4 FESEM elemental map-
ping results of the prepared
samples

can be associated with the low Ni quantity in the catalyst.
The same trend was observed for 10% Ni/MSN catalyst
without an extreme decrease in the activity, in contrast to
the 5% Ni/MSN catalyst, thereby indicating that the cata-
lyst with 10% Ni loading was more stable than those with
low Ni loading. A small increase in the hydrogen yield was
observed for 30% Ni/MSN catalyst compared to 10% Ni/
MSN catalyst after 90 min of reaction. The activity contin-
ued more or less the same until end of reaction with 45%
of hydrogen yield. Finally, 50% Ni/MSN catalyst showed
the highest activity with maximum hydrogen yield of 68%
and high stability in the entire reaction. No major deactiva-
tion was observed after 360 min on stream. The activity of
Ni-based catalyst in methane decomposition as described

in the literature has been summarized in Table 2. The cat-
alytic activity of 50% Ni/MSN catalyst was comparable
with that of Ni catalyst that was supported over MCM-41,
as described by Guevara et al. [28] although they used
Ce as the promoter. The physicochemical properties of
MSN play a crucial role in the improved activity and sta-
bility of Ni-based catalyst in methane decomposition. The
homogeneous dispersion of metallic species on the MSN
support with high surface area and a proper metal support
interaction, as illustrated in the characterization results
have contributed to the outstanding results in the activities
and stability of the catalysts with high Ni loading [47].
The porous structure of MSN was maintained even though
high loading of Ni was loaded on the MSN. Thus, MSN
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Fig.5 TEM images of the a
MSN and b 5%, ¢ 10%, d 30%
and e 50% Ni loaded catalysts

is a potential catalyst support in methane decomposition
because it provides high catalytic activity and stability.

3.3 Spent catalyst characterization
The yield of deposited carbon was further calculated and it
was found to be 129 wt%, 215 wt% 458 wt% and 906 wt%

for the 5%, 10%, 30% and 50% Ni/MSN catalysts respec-
tively. The carbon yield was found to be increased with the
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increased loading of Ni in the catalyst and followed the same
trend of their catalytic performance as shown in Fig. 8. The
structural and crystalline properties of the spent catalyst
were further characterized. Figure 9a displays the XRD pat-
terns of the carbon obtained over Ni/MSN catalyst with dif-
ferent Ni loadings. The highest diffraction peak at 26.2° was
assigned to the successful formation of crystalline carbon
with (002) lattice plane, and another peak that was observed
at 44.5° was also related to graphitic carbon [17]. Metallic
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Table1 BET/BJH results of the support and prepared catalysts
obtained by N,-physisorption analysis

Sample BET surface area Mean pore size Pore
(mz/g) (nm) volume
(cm®/g)
MSN 1094.8 2.9 1.645
5% Ni/MSN 1007.7 2.6 1.250
10% Ni/MSN 933.0 2.6 1.235
30% Ni/MSN 682.0 2.5 0.902
50% Ni/MSN 409.4 2.3 0.514
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Fig.6 a N, sorption isotherms and b pore size distribution plots of
the MSN and Ni/MSN catalysts

Ni was also detected in the spent catalysts. Metallic Ni for-
mation was caused by the NiO reduction during reduction
or reaction, whereas the other peaks can be related to quartz
wool used for catalyst packing. The higher the intensity of
the peak is, the higher will be the crystallinity and graphiti-
zation degree of the carbon produced. This result further
confirmed the bulk deposition of carbon nanomaterials. The
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Fig.7 TPR profiles of the nickel loaded MSN catalysts
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Fig. 8 Catalytic activity of the Ni/MSN catalysts for methane decom-
position at 700 °C

interlayer distances of the deposited carbon were found be
0.337 nm, 0.336 nm, 0.336 nm and 0.337 nm for 5%, 10%,
30% and 50% Ni/MSN catalysts, respectively. These values
are close to the ideal value of 0.335 nm, thereby reflect-
ing the high crystalline quality of carbon. The carbon peak
intensity also increased with the increased amount of Ni in
the catalysts. It could be due to the high carbon deposition.
However, the well-dispersed Ni nanoparticles on the surface
of the MSN support is responsible for the high stability of
the Ni/MSN catalysts.

Figure 9b shows the Raman spectra of the deposited car-
bon over Ni/MSN catalysts with different Ni loadings. Two
well-defined bands were observed in each sample and which
are centred at 1342 cm™! and 1582 cm™!. The first band
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Table 2 Comparison of the

. . Catalyst BET surface area Mean pore size Methane conver- Hydrogen Ref.
activity of N1—baseq .catalysts for (m%g) (nm) sion (%) yield (%)
methane decomposition
Ni/MgAL,0O, 22.6 23.6 - 49 [23]
Ni/ALO, 69.1 - 48 - [25]
Ni/MgO-Al,04 95.4 - 13 - [25]
Ni/TiO, 40.2 - 71 - [26]
Ni/TiO, 12.31 31.3 - 55 [24]
Ni/SBA-15 182.6 5.9 - 52 [29]
Ni/SBA-15 339.0 4.9 40 - [31]
Ni/SBA-15 552.0 6.5 74 - [32]
Ni/Xerogel-5 481.0 6.5 60 - [32]
Ni/MCM-41 947.0 12.7 68 - [32]
Ni/Ce-MCM-41 - - 70 [28]
Ni/BPS-5 436.0 41.7 78 - [32]
Ni/MSN 409.4 23 - 68 This work
was related to the D band, which is assigned to the struc-
. tural defects in the graphitic carbon. Meanwhile, the second
@) C - ?OO/‘LAN;!\”"SSN band was assigned to the G band, which is associated to the
Ni® —— 30% NiMSN stretching vibration of the in-plane C-C bonds [48, 49]. The
0% NiMSN Iy/I ratio was used to evaluate the crystallinity and graphiti-
5 zation degree of the nanocarbon produced [50]. The I/Ig
S ratios were calculated to be 1.67,0.53, 0.76 and 0.65 for 5%,
2 ‘ 10%, 30% and 50% Ni/MSN catalysts, respectively. The car-
g !]‘| bon deposited over the 5% sample showed high I/ ratio,
b= I | ;J‘ indicating its lower graphitization degree than those of the
e ! N he S other samples. The low I/I ratio indicates the high crystal-
linity and graphitization degree of the deposited carbon [24,
i l | 49, 51]. The high I/I; ratio is correlated to the growth of
disordered carbon over the catalysts [52, 53].
1 20 3 40 50 e 70 8 The morphology of carbon-deposited catalyst was ana-
20 (%) lysed by using FESEM and TEM analyses and the results
are illustrated in Figs. 10 and 11, respectively. As shown
in the FESEM images, the bulk deposition of the nanocar-
(b) & band lo/ls bon in tubular forms with the diameter range of 20—45 nm
D band " l was observed over 50% Ni/MSN catalyst. The TEM images
C on 50% Nif/MSN 0.53 shown in Fig. 11 confirmed the formation of multiwalled
= carbon nanotubes over the prepared catalysts with an average
S ) diameter range of 25-35 nm, regardless of the Ni content in
2 © on 30% NI/MSN 0.76 the catalysts. The hollow channel of the carbon nanotubes
% is highly visible in the samples.
£ C on 10% Ni//MSN
4 Conclusions
C on 5% Ni//MSN
The catalytic performance of the Ni/MSN catalysts with dif-

T T T T T T T j J
400 800 1200 1600 2000
Raman shift (cm'1)

Fig.9 a XRD patterns and b Raman spectra of the spent catalysts

@ Springer

ferent Ni loadings such as 5%, 10%, 30% and 50%, that were
synthesized by an impregnation method was investigated
for undiluted methane decomposition. The characteriza-
tion results demonstrated that the porous structure of MSN
is well preserved in the prepared catalysts even after the
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Fig. 10 FESEM images of the
carbon nanotubes deposited
over 50% Ni/MSN catalyst

Fig. 11 TEM images of the
CNTs deposited over a 5%, b
10%, ¢ 30% and d 50% Ni/MSN
catalysts

incorporation of high Ni amounts. The active phase of nickel ~ support interaction. The pore blocking of MSN by NiO spe-
was found to be NiO in the fresh samples that were well dis-  cies on the surface of MSN decreased the surface area of
persed on the surface of the MSN support with proper metal ~ Ni/MSN catalysts, with increased Ni loading. The catalytic
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activity tests revealed that the 50% Ni/MSN displayed the
highest hydrogen yield of 68% with improved stability for
360 min of reaction. The pronounced catalytic performance
of the catalyst could be assigned to the improved synergistic
effects of nickel species with MSN support. The contribu-
tions of high surface area, dispersion of metal species on
the support, an appropriate metal support interaction and
the presence of metallic Ni nanoparticles are responsible for
the high catalytic efficiency of the Ni/MSN catalysts. The
characterization studies of the deposited carbon showed that
multiwalled carbon nanotubes with high crystallinity and
graphitization degree were formed over Ni/MSN catalysts
after decomposition reaction.
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