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Abstract: The supporting modes of active metal over mesoporous materials play an important role in
catalytic performance. The location of Ni nanoparticles inside or outside the mesoporous channel
of MCM-41 has a significant influence on the reactivity in partial oxidation of methane to syngas
reaction. The characterization data using different techniques (Transmission Electron Microscope
(TEM), X-Ray Diffraction (XRD), N2 adsorption-desorption, H2 Temperature-Programmed Reduction
(H2-TPR), and Inductively Coupled Plasma (ICP)) indicated that nickel was located outside the
mesoporous channels for the impregnation method (Ni/MCM-41), while nickel was encapsulated
within MCM-41 via the one-step hydrothermal crystallization method (Ni-MCM-41). The nickel
atoms were mainly dispersed predominantly inside the skeleton of zeolite. When the load amount
of Ni increased, both of Ni species inside the skeleton or pore channel of zeolite increased, and the
ordered structure of MCM-41 was destroyed gradually. Contributed by the strong interaction with
MCM-41, the Ni particles of Ni-MCM-41 were highly dispersed with smaller particle size compared
with supported Ni/MCM-41 catalyst. The Ni-MCM-41 displayed higher catalytic performance than
Ni/MCM-41, especially 10% Ni-MCM-41 due to high dispersity of Ni. The confinement effect of
MCM-41 zeolite also afforded high resistance of sintering and coking for 10% Ni-MCM-41 catalyst.
Especially, 10% Ni-MCM-41 catalyst showed outstanding catalytic stability.

Keywords: partial oxidation of methane; sintering and coking resistance; Ni location; confinement
effect; MCM-41 zeolite

1. Introduction

While the natural gas industry is relatively underdeveloped, as the predominant component of
natural gas, methane is expected to exceed oil by the known enormous reserves. In addition, the recent
exploration and production of methane from shale basins have enhanced its competitive advantages.
A recent study has estimated that there are 207 trillion cubic meters of recoverable shale gas globally,
which impacts the worldwide supply of natural gas [1]. The route of methane to syngas is the most
advanced technology to make full use of methane. Wherein, partial oxidation of methane to syngas
(POM) stands out due to the merits of the smaller reactor, light heat release and suitable H2/CO ratio
for methanol synthesis [2]. Then, methanol or DME as intermediate is widely applied to produce
high value-added chemicals [3–5]. Considering the low cost and relatively high catalytic activity, Ni
based catalysts have gained extensive attention. However, Ni based catalysts have suffered from
severe sintering and coking, resulting in catalyst deactivation [6,7]. Furthermore, the catalysts might
deactivate due to poisoning of the catalyst by impurities of natural gas or bio-methane [8].
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In order to improve the stability and performance of the catalyst, variety of strategies have been
proposed including introduction of assistant, modification of support, and encapsulation of metal
into inert porous material (SiO2, C) [9,10]. These methods have improved the stability of catalyst
to some extent, but it could not solve the underlying problems. Therefore, new techniques need to
be developed.

The silicate structured mesoporous materials including MCM-41 and SBA-15 with ordered
pore structures provide new possibilities to develop promising catalysts with much less transport
limitations than microporous zeolites [11]. The metals or metal oxides are incorporated into mesoporous
materials to improve their catalytic performances. The synthetic method includes direct synthesis and
post-synthesis (impregnation, grafting, etc.) procedures [12–16]. Glucose and β-cyclodextrin modified
impregnation methods were employed to realize the high dispersion of Ni on mesoporous MCM-41
for carbon dioxide reforming of methane, which shows higher catalytic activity and stability [17].

It has been reported that the confinement of active metal can prevent sintering and growth-up
of carbon fiber. The NiO particles located inside and outside the pore of MCM-41 were used in
the pyrolysis catalytic gasification of wood sawdust. The high dispersion of the fine NiO particles
inside the pores of the MCM-41 support promoted the catalytic performance [18]. Haller reported
that nickel was incorporated by isomorphous substitution of silicon in the MCM-41 silica framework.
The prepared catalysts still maintained stable structures even when they were suffering from severe
reaction conditions such as CO disproportionation and CO2 methanation [19]. The Ni confined within
MCM-41 makes contributions to the improvement of catalytic activity and stability due to highly
dispersed and stabilized active centers on the pore wall surface. This anchoring effect promoted the
formation of the active Ni nano-clusters with high dispersion and prevented carbon deposition due to
the limited growth space of carbon fiber [20,21].

Due to the harsh reaction condition of POM reaction, the sintering of Ni was unavoidable for
supported catalyst because of migration of metal atoms at high temperature. Thus, the Ni was
incorporated into mesoporous MCM-41 might be a promising candidate with anti-sintering and coking
ability. The well-ordered Ni-MCM-41 catalysts with different nickel contents are synthesized by the
direct hydrothermal method. According to our knowledge, the reports on the location of Ni and its
separate roles within MCM-41 for partial oxidation of methane are few. It is required to be analyzed in
this work.

2. Results and Discussion

2.1. Characterization before Tests

2.1.1. Phase Composition

Figure 1 shows the low-angle XRD patterns of fresh Ni/MCM-41 and Ni-MCM-41 catalysts.
As shown in Figure 1, a strong diffraction peak occurs at a range of 1◦–3◦ and two weak peaks at 3◦–6◦

for Ni/MCM-41 catalyst, which are attributed to lattice planes of (100), (110), and (200) [22]. The results
indicated that the prepared catalysts possessed long-range ordered hexagonal mesoporous skeleton
structure of MCM-41. The reason may be that NiO particles dispersed at the surface of catalyst and the
framework structure of mesoporous molecular sieve has not been destroyed. For Ni-MCM-41 catalyst,
the intensities of all the diffraction peaks were lower compared to Ni/MCM-41. It is speculated that Ni
particles are fixed into the MCM-41, resulting in declining crystallinity of molecular sieves [23]. As
the amount of Ni increased, the intensity of diffraction peak decreased gradually and shifted toward
the low angle with a wider diffraction peak due to the migration of metal ion into the skeleton of
molecular sieve [24].
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of channel in MCM-41 contributed to improving dispersion of Ni metal. The average size of Ni 

particles in reduced 10%Ni-MCM-41 catalyst is around 10 nm by Scherrer equation, which is far 
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pore channel still is remained. However, the high temperature calcination in the preparation process 

has resulted in the formation of large metal particles due to exposure at the outside surface of MCM-

41 (Figure 3B). In comparison, the sizes of metal particles within zeolite are smaller for 5%Ni-MCM-

41, 10%Ni-MCM-41, and 15%Ni-MCM-41 catalysts due to pore confinement effect of zeolite (Figure 
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Figure 1. Low-angle XRD patterns of fresh Ni/MCM-41 and Ni-MCM-41 catalysts.

As shown in Figure 2A, there is a significant difference between fresh Ni/MCM-41 catalyst and
Ni-MCM-41 catalyst. The obvious diffraction peak of NiO can be observed from 10% Ni/MCM-41
supporting catalyst, further confirming that metal is loaded on the surface of the molecular sieve in the
form of NiO [25]. On the contrary, the NiO species is not observed in Ni-MCM-41 catalyst, indicating
the high dispersion of metal. The diffraction peak at 34◦ is assigned to nickel silicate species [26]. Its
intensity increases with the increasing of Ni loaded amount. Figure 2B shows the XRD spectrums of
Ni/MCM-41and Ni-MCM-41 catalysts after reduction. The diffraction peaks of Ni occurs at all the
catalysts. Compared with Ni/MCM-41 catalyst, the intensity of Ni diffraction peaks become lower
over Ni-MCM-41 catalysts and increases with the increasing of Ni amount. The result suggests that
the Ni nanoparticles can be reduced in spite of zeolite encapsulation. The confinement of channel
in MCM-41 contributed to improving dispersion of Ni metal. The average size of Ni particles in
reduced 10%Ni-MCM-41 catalyst is around 10 nm by Scherrer equation, which is far smaller than that
of 10%Ni/MCM-41 catalyst (23 nm).
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Figure 2. Wide-angle XRD patterns of fresh catalysts (A) and reduced catalysts (B).

2.1.2. TEM

The morphologies of MCM-41, Ni/MCM-41 and Ni-MCM-41 catalysts are tested by Transmission
Electron Microscope, as shown in Figure 3. Figure 3A displays uniform porous channel for pure
silicon MCM-41 with pore size of 3 nm. For the supported Ni/MCM-41 catalyst, the orderly pore
channel still is remained. However, the high temperature calcination in the preparation process has
resulted in the formation of large metal particles due to exposure at the outside surface of MCM-41
(Figure 3B). In comparison, the sizes of metal particles within zeolite are smaller for 5%Ni-MCM-41,
10%Ni-MCM-41, and 15%Ni-MCM-41 catalysts due to pore confinement effect of zeolite (Figure 3C–E).
Figure 3C displays the Ni particles are located in center part of zeolite rather than the edge position,
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indicating that Ni nanoparticles are successfully confined within the channel of MCM-41. As the load
amount of Ni increased, the zeolite tends to collapse from margin. It could be obviously observed
from 15%Ni-MCM-41 catalyst (Figure 3E). It is deduced that more Ni atoms are connected with Si,
resulting in the reducing interaction force among Si-O-Si bond.
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2.1.3. FT-IR

Figure 4 shows the FT-IR spectrums of fresh MCM-41, Ni/MCM-41, and Ni-MCM-41 catalysts.
Vibration peak at 3435 cm−1 is assigned to Si-OH and adsorbed water molecules [27]. The peak at
1638 cm−1 is attributed to the bending vibration peak of adsorbed water molecules. The vibration peaks
at 2925 cm−1 and 2854 cm−1 are caused by the bending vibration of the electrochemical group CH(-CH3)
and electrochemical group CH(-CH2). Compared with MCM-41 before calcination, after calcination,
the peaks at 2925 cm−1 and 2854 cm−1 over MCM-41 disappear, indicating that the high temperature
treatment can remove template completely. The vibration peaks at 1238 cm−1 and 1080 cm−1 are the
skeleton vibration peaks of MCM-41 mesoporous structure. All the samples show the vibration peaks
at this location, indicating that prepared catalysts possessed ordered mesoporous structures. When the
amount of Ni increases, the shoulder peak at 960 cm−1 weakens gradually for Ni-MCM-41 catalysts.
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The reason might be that the introduction of Ni reduces the vibration of Si-O, showing that the Ni
within zeolite is connected with the framework.
Catalysts 2019, 9, x FOR PEER REVIEW 5 of 16 

 

 

Figure 4. FT-IR spectrums for fresh catalysts. (a)MCM-41 before calcination, (b) MCM-41 after 

calcination, (c) 10% Ni/MCM-41, (d) 5% Ni-MCM-41, (e) 10% Ni-MCM-41, and (f) 15% Ni-MCM-41. 

2.1.4. Location Determination of Ni by ICP 

Two existence forms of active metal could be found when they are entering into the zeolite: (1) 

One is encapsulated into the skeleton of zeolite; and (2) one is located within the pore channel of 

zeolite. The analysis of XRD, FT-IR, and TEM indicates that the Ni particles are confined within 

zeolite and some atoms have entered into the skeleton of zeolite. Are there any nickel atoms in the 

pore channel of zeolite? It needs to be verified. The Ni-MCM-41 catalysts were washed using 

ammonium acetate solution, which can etch the Ni particles within the pore channel [28,29]. The 

contents of Ni in catalyst before and after leaching are measured by ICP, and the location of Ni within 

MCM-41 can be determined. As shown in Table 1, all the amounts of Ni measured before leaching 

are lower than nominal value, including the Ni within skeleton and channel of zeolite. The amount 

of Ni measured by ICP after leaching represented that of Ni within skeleton of zeolite. The values 

within parentheses represented the amounts of Ni within the pore channel of zeolite. The 3.73 wt% 

of Ni are located within skeleton of zeolite and trace of Ni (0.65 wt%) are dispersed within pore 

channel. It is deduced that Ni atoms could enter into the skeleton preferentially. When the Ni load 

amount increased from 5% to 15%, the Ni atoms within the skeleton increased from 3.73 wt% to 8.59 

wt%, while the amount of Ni within the channel increased from 0.65 wt% to 4.97 wt%. The result 

shows more Ni atoms have entered into the skeleton of zeolite. The amounts of Ni within skeleton 

and pore channel of zeolite increase with the increasing of the load amount. 

Table 1. Physicochemical properties of reduced catalysts. 

Catalysts 
Ni a 

(wt%) 

Ni-NH4AC b 

(wt%) 

Surface Area c 

(m2/g) 

Pore Volume d 

(cm3/g) 

Pore Size e 

(nm) 

TOFCH4 f 

(h−1) 

MCM-41 - - 978 0.77 2.85 - 

5%Ni-MCM-41 4.38 3.73(0.65) 818 0.73 3.31 721.4 

10%Ni-MCM-41 8.92 5.74(3.18) 594 0.69 4.77 438.4 

15%Ni-MCM-41 13.56 8.59(4.97) 501 0.66 5.37 208.7 

10%Ni/MCM-41 9.47 - 566 0.49 2.64 373.5 

a: Amount of Ni was calculated by ICP before leaching. b: Amount of Ni was calculated by ICP after 

leaching, and the values within parentheses represent the difference before and after leaching. c: 

Calculated by the BET d: BJH desorption pore volume e: BJH desorption average pore size. f: TOFCH4 

value of POM, moleCH4 h−1 moleNi−1. 

4000 3500 3000 2500 2000 1500 1000 500

f

e

d

c

b 8
0

8

1
2

3
8

1
6

3
8

3
4

3
5

9
6

0
1

0
8

0

2
8

5
4

2
9

2
5

T
ra

n
sm

it
ta

n
ce

 (
a

.u
.)

Wavenumber (cm-1)

a

 

 

Figure 4. FT-IR spectrums for fresh catalysts. (a) MCM-41 before calcination, (b) MCM-41 after
calcination, (c) 10% Ni/MCM-41, (d) 5% Ni-MCM-41, (e) 10% Ni-MCM-41, and (f) 15% Ni-MCM-41.

2.1.4. Location Determination of Ni by ICP

Two existence forms of active metal could be found when they are entering into the zeolite:
(1) One is encapsulated into the skeleton of zeolite; and (2) one is located within the pore channel
of zeolite. The analysis of XRD, FT-IR, and TEM indicates that the Ni particles are confined within
zeolite and some atoms have entered into the skeleton of zeolite. Are there any nickel atoms in the pore
channel of zeolite? It needs to be verified. The Ni-MCM-41 catalysts were washed using ammonium
acetate solution, which can etch the Ni particles within the pore channel [28,29]. The contents of Ni in
catalyst before and after leaching are measured by ICP, and the location of Ni within MCM-41 can
be determined. As shown in Table 1, all the amounts of Ni measured before leaching are lower than
nominal value, including the Ni within skeleton and channel of zeolite. The amount of Ni measured
by ICP after leaching represented that of Ni within skeleton of zeolite. The values within parentheses
represented the amounts of Ni within the pore channel of zeolite. The 3.73 wt% of Ni are located
within skeleton of zeolite and trace of Ni (0.65 wt%) are dispersed within pore channel. It is deduced
that Ni atoms could enter into the skeleton preferentially. When the Ni load amount increased from 5%
to 15%, the Ni atoms within the skeleton increased from 3.73 wt% to 8.59 wt%, while the amount of
Ni within the channel increased from 0.65 wt% to 4.97 wt%. The result shows more Ni atoms have
entered into the skeleton of zeolite. The amounts of Ni within skeleton and pore channel of zeolite
increase with the increasing of the load amount.

Table 1. Physicochemical properties of reduced catalysts.

Catalysts Ni a

(wt%)
Ni-NH4AC b

(wt%)
Surface Area c

(m2/g)
Pore Volume d

(cm3/g)
Pore Size e

(nm)
TOFCH4

f

(h−1)

MCM-41 - - 978 0.77 2.85 -
5%Ni-MCM-41 4.38 3.73(0.65) 818 0.73 3.31 721.4
10%Ni-MCM-41 8.92 5.74(3.18) 594 0.69 4.77 438.4
15%Ni-MCM-41 13.56 8.59(4.97) 501 0.66 5.37 208.7
10%Ni/MCM-41 9.47 - 566 0.49 2.64 373.5

a: Amount of Ni was calculated by ICP before leaching. b: Amount of Ni was calculated by ICP after leaching,
and the values within parentheses represent the difference before and after leaching. c: Calculated by the BET d:
BJH desorption pore volume e: BJH desorption average pore size. f: TOFCH4 value of POM, moleCH4 h−1 moleNi

−1.
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The MCM-41 possesses abundant surface area (978 m2/g). When the introduction amount of Ni
increased, the surface area and pore volume decreased due to the blocking of pore channel. Compared
with 10%Ni/MCM-41 catalyst, 10%Ni-MCM-41 catalyst has a higher surface area and pore volume,
indicating that more Ni atoms were within the skeleton of zeolite rather than the pore channel. It is
worth noting that the pore size of Ni-MCM-41 increased with the increasing of Ni amount. Its pore
size even was larger than that of MCM-41. The reason might be that the introduction of Ni causes the
collapse of segmental pore channel of MCM-41, especially for high load amount (15%Ni-MCM-41).

2.1.5. N2 Adsorption-Desorption

Figure 5 shows N2 adsorption and desorption curves and pore size distributions of Ni/MCM-41 and
Ni-MCM-41 catalysts. For 10%Ni/MCM-41 supporting catalyst (Figure 5A), the IV type of isothermal
curve is observed, which is highly close to pure MCM-41 material [30,31]. The increase of sharp
step at relatively low pressure has suggested capillary condensation inside uniform mesopores [32].
What is more, the steep increase displayed the uniformity of pore sizes. For Ni-MCM-41 catalysts,
the N2 uptake rapidly increased at relative pressure range of 0.3–0.5, indicating a typical mesoporous
structure. 5%Ni-MCM-41 displayed sharper capillary condensation steps, and it is attributed to more
uniform distribution of the pore diameters. The result suggests that the introduction of a low loaded
amount of nickel has no damage on the ordered structure of MCM-41. By comparison, milder and
milder increases of adsorption-desorption isotherms were observed with increasing loaded amounts
of Ni for 10%Ni-MCM-41 and 15%Ni-MCM-41, indicating that the ordered structure of MCM-41 was
destroyed gradually.
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Figure 5. Adsorption-desorption isotherms and pore size distributions of reduced Ni/MCM-41and
Ni-MCM-41 catalysts. (a) 10%Ni/MCM-41, (b) 5%Ni-MCM-41, (c) 10%Ni-MCM-41, and (d)
15%Ni-MCM-41.
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2.1.6. H2-TPR

H2-TPR was conducted to be determined the interaction of Ni species with support. Figure 6
shows that there are two reduction peaks over supported Ni/MCM-41 catalyst. The low temperature
peak is around 360 ◦C with high H2 consumption. The high temperature peak is at 610 ◦C, indicating
most of NiO species possessed weak interaction with MCM-41. MCM-41 could easily cause sintering
of Ni metal under the high temperature condition [24]. The speculation is confirmed by the following
TEM images. There is only one high temperature reduction peak for 5%Ni-MCM-41. Considering the
result of ICP, the reason might be that a large amount of Ni atoms are confined within the skeleton
of MCM-41 with strong interaction and hard to be reduced. Two reduction temperature regions are
observed when the load amount of Ni increases to 10% or 15%. It is worth noting that the intensity of
lower reduction peak increases with the increasing of amount of Ni. Because more NiO atoms enter
into pore channel and those are easy to be reduced than those atoms within the skeleton of MCM-41.
However, the high temperature reduction peak of 15%Ni-MCM-41 was lower than 10%Ni-MCM-41
catalyst. The result did not agree with ICP result wherein the Ni amount in skeleton (8.59 wt%) over
15%Ni-MCM-41 was higher than that (5.74 wt%) over 10%Ni-MCM-41 catalyst. Based onthe result of
TEM, the crystal structure of MCM-41 was destroyed when the load amount of Ni increased to 15 wt%.
Though more Ni atoms enter into skeleton of MCM-41, the interaction between Ni and zeolite was
weak, resulting in the lower reduction temperature. Compared with Ni/MCM-41 supporting catalyst,
the Ni-MCM-41 catalyst has stronger interaction with support, especially 10%Ni-MCM-41 catalyst,
which helps to prevent sintering and coking and improves catalytic performance and stability.
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Figure 6. H2-TPR images of fresh Ni/MCM-41 and Ni-MCM-41 catalysts.

2.2. POM Catalytic Activity and Stability

2.2.1. Comparison of Catalytic Performance between Ni/MCM-41 and Ni-MCM-41

Figure 7 displays the comparison of Ni/MCM-41 and Ni-MCM-41 on catalytic performance in
POM reaction. Compared with 10%Ni/MCM-41 and other Ni-MCM-41 catalysts, the 10% Ni-MCM-41
showed the highest CH4 conversion. Considering the result of TEM and H2-TPR, 10% Ni-MCM-41
catalyst still maintains the ordered structure of zeolite and a reasonable amount of Ni atoms have
entered skeleton of MCM-41, forming strong interaction between Ni and zeolite. Once the reduction
occurs, the smaller size of Ni nanoparticles is obtained, which is consistent with XRD result. Catalytic
performance of partial oxidation of methane largely depends on the size of active metal [33]. The high
dispersibility of Ni provides more outstanding catalytic performance over 10%Ni-MCM-41 catalyst
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compared with 10%Ni/MCM-41 catalyst. For 5%Ni-MCM-41 catalyst, ICP result showed 3.73 wt% of
Ni entered into skeleton and trace of Ni atoms (0.65 wt%) were located within pore channel of MCM-41.
The result indicates that Ni preferentially enters into the zeolite skeleton by isomorphous substitution
of silicon. The reduced active sites within zeolite skeleton displayed catalytic activity to some extent.
When the loading amount of Ni increased to 15%, the structure of MCM-41 began to collapse and
interaction of Ni with zeolite became weak. Once reduced, the larger size of Ni nanoparticles occurred
over 15%Ni-MCM-41 catalyst (Figure 2B). These factors explain the CH4 conversion of Ni-MCM-41
catalysts was in the order of 10%Ni-MCM-41>5%Ni-MCM-41>15%Ni-MCM-41.
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Figure 7. The catalytic ability comparison of the Ni/MCM-41 and Ni-MCM-41 in POM at GHSV = 1.8 ×
104 mL·g−1

·h−1, atmospheric pressure, 750 ◦C. (a) CH4 conversion, (b) H2 selectivity, (c) CO selectivity
and (d) H2/CO ratio.

The 10%Ni-MCM-41 catalyst displayed the highest H2 selectivity among catalysts
(Figure 7b). The H2 selectivity of catalysts followed the order of 10%Ni-MCM-41>5%Ni-MCM-41>

15%Ni-MCM-41>10%Ni/MCM-41. Unfortunately, the supported catalyst showed the lowest
H2 selectivity.

The highest CO selectivity was observed on 10%Ni-MCM-41 catalyst (Figure 7c). The CO
selectivities of other catalysts were close (76%). The result was associated to carbon deposition.
The confinement effect of MCM-41 on active metal provides limited space for the growth of carbon
fiber, 10%Ni/MCM-41 and 5%Ni-MCM-41 catalysts possessed less amount of coking, and high CO
selectivity was explained further. Exposed active sites, collapsed zeolite structure and weak interaction
of Ni with zeolite framework resulted in severe coking for 10%Ni/MCM-41 and 15%Ni-MCM-41
catalysts, leading to low CO selectivity. The lack of active sites afforded low CO selectivity
for 5%Ni-MCM-41 catalyst. Figure 7d showed the H2/CO ratios of all catalysts were close to
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theoretical value (2). Considering the different loaded amount of nickel, the turnover-frequency
(TOF) value was calculated based on different CH4 conversion (Table 1). The TOF was in the
order of 5%Ni-MCM-41>10%Ni-MCM-41>10%Ni/MCM-41>15%Ni-MCM-41. 5%Ni-MCM-41 and
10%Ni-MCM-41 catalysts showed superior TOF values, indicating the highly atomic efficiency. For all
the Ni-MCM-41 catalysts, it was observed that TOFs increased with decreasing nickel contents.
The result displayed suitable nickel content can improve markedly catalytic performances. However,
the excessive loaded amount of nickel, for 15%Ni-MCM-41 catalyst, was detrimental to catalytic activity.
Compared with 10%Ni/MCM-41 supported catalyst, the nickel confined within the pore channel of
MCM-41 afforded outstanding catalytic performance.

The location of active metal inside or outside of mesopore materials significantly affected catalytic
activity and selectivity of production. Lanzafame claimed the ZrO2 was predominantly outside
the SBA-15 mesoporous channels for the lower loading, and predominantly inside the mesoporous
channels for the higher loading. The acid feature depends on amount of ZrO2 in SBA-15, which affected
catalytic reactivity on HMF etherification with ethanol [34]. Wu compared the Ni catalysts with NiO
particles inside or outside the mesopore of MCM-41 for pyrolysis of wood. Due to longer residence
time of pyrolysis reactants and high dispersion of the fine NiO particles, the NiO particles located
inside mesopore of MCM-41 showed superior catalytic performance, and they could generate more
gas and hydrogen and lower oil [35]. For partial oxidation of methane to syngas reaction, the coking
over Ni based catalysts was serious due to high diffusion of Ni within nickel metal. The carbon
deposition usually started at the binding point between Ni and support and grew to carbon fiber or
shell carbon. Selective passivation or coverage of defect, corner atoms, or improving the interaction of
metal with support effectively inhibits coking [36]. For Ni-MCM-41 catalysts, nickel was incorporated
by isomorphous substitution of silicon in the MCM-41 silica framework, which makes the Ni-MCM-41
a physically stable catalyst in harsh reaction conditions [37]. The suitable Ni atoms like 10%Ni-MCM-41
catalyst preferentially entered the skeleton of MCM-41, forming strong metal-support interactions that
contribute to resistance to sintering and coking. This anchoring effect promoted the formation of the
active Ni nano-clusters with high dispersion after reduction [38]. The nickel atoms within pore channel
also possess outstanding performance due to limited room to prevent coking and sintering.

2.2.2. Catalytic Stability

Due to strong interaction with zeolite framework, the Ni incorporated MCM-41 possessed smaller
Ni particles. Contributed by confinement effect of MCM-41, it is speculated that Ni-MCM-41 catalyst
owned stable catalytic performance. In order to prove the speculation, more severe condition including
higher reaction temperature (800 ◦C) and GHSV (2.0 × 104 mL·h−1

·g−1) were chosen to evaluate
catalyst. As shown in Figure 8a, the CH4 conversion of 10%Ni-MCM-41 catalyst was far higher than
10%Ni/MCM-41 catalyst. The CH4 conversion of 10%Ni-MCM-41 catalyst was stable with the extended
reaction time, while the CH4 conversion of 10%Ni/MCM-41 catalyst declined. Figure 8b shows that
both of CO and H2 selectivity of 10%Ni-MCM-41 catalyst were higher than those of 10%Ni/MCM-41
catalyst. It is worth noting that CO and H2 selectivity of 10%Ni/MCM-41 catalyst were decreasing.
It is speculated that the growth-up of nickel nanoparticle and carbon deposition resulted in decline of
catalytic activity. The results indicated the Ni incorporated MCM-41 catalyst had excellent anti-carbon
and coking ability, and stability of catalyst was improved due to the confinement effect of zeolite.
5%Ni-MCM-41 catalyst was also tested for catalytic stability in view of low carbon deposition. As
shown in Figure 8, 5%Ni-MCM-41 catalyst showed outstanding catalytic stability for 100 h, however, its
catalytic activity was lower than 10%Ni-MCM-41 catalyst due to low loading amount of Ni. Figure 8d
shows the H2/CO ratios of all catalysts were close to 2 (theoretical value).
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2.3. Characterization after Tests

2.3.1. Phase Composition

As shown in Figure 9, both of the NiO and Ni species can be observed from the spent catalyst, which
is consistent with previous reports [39]. Compared with the sharp diffraction of NiO in 10%Ni/MCM-41
spent catalyst, the intensity of NiO in 10%Ni-MCM-41 spent catalyst was lower. The result suggested
the Ni metal was confined within the channel of zeolite and the confinement successfully prevented
the sintering of active metal under harsh conditions.
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2.3.2. TEM

Figure 10A shows obvious growth-up of Ni nanoparticles (about 85 nm) and occurred for
spent 10%Ni/MCM-41 catalyst compared to reduced 10%Ni/MCM-41 catalyst in Figure 3B. The severe
sintering of Ni was observed due to weak interaction with support and exposure under harsh conditions.
On the contrary, due to confinement of MCM-41, size of Ni nanoparticles in spent 10%Ni-MCM-41
catalyst slightly increased, and excellent sintering resistance was observed (Figure 10B).
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Figure 10. The TEM images of spent 10%Ni/MCM-41 (A) and spent 10%Ni-MCM-41 (B).

2.3.3. TGA

Carbon deposition is prone to occur on nickel-based catalyst at high temperature, which is one of
the important reasons for catalyst deactivation. The methane cracking and the Boudouard reaction
stand out in the hypothesis about the mechanism of coke formation. The report suggested the carbon
deposition from methane cracking occur at high temperature (>814 K). However, coke formation
most likely take place from Boudouard reaction at temperature (<977 K) [40]. Therefore, the coking is
difficult to avoid thermodynamically.

CH4→ C + 2H2 ∆H = 74.8 kJ mol−1 (methane cracking)
2CO→ C + CO2 ∆H = −172.8 kJ mol−1 (Boudouard reaction)
Figure 11 shows the weight loss of spent Ni/MCM-41 and Ni-MCM-41 catalysts. The weights

of all spent catalysts began to reduce at 450 ◦C, which was attributed to oxidation of surface carbon
species [41]. Compared with Ni/MCM-41 catalyst, the Ni-MCM-41 catalysts possessed lower coking,
especially 5%Ni-MCM-41 catalyst. The amount of coking increased with increasing of Ni load amount.
Combining with previous analysis, it is deduced that the Ni species within the skeleton contributed to
coking inhibition than those within the pore channel.
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Due to the similar TG curve, the DTG curves of all the spent catalysts were compared.
As shown in Figure 12, the weight loss temperatures of all catalysts were in the order
of 5%Ni-MCM-41<10%Ni-MCM-41<15%Ni-MCM-41<10%Ni/MCM-41. The fasted weight loss
temperature slightly increased with increasing the loaded amount of Ni for Ni-MCM-41 catalysts.
It is well known that insert carbon requires much oxidization temperature. The result indicated
the insert carbon easily occurred at high-loading sample and supported catalyst [42]. Based on the
characterization results reported elsewhere [43,44], the graphic-like carbon should be deposited onto
15%Ni-MCM-41 and 10%Ni/MCM-41, however, no diffraction peak was observed in XRD due to trace
amount of coking. On contrast, the low temperature peaks (around 200 ◦C) were observed in DTG
curves of 5%Ni-MCM-41 and 10%Ni-MCM-41 catalysts, indicating the existence of active carbon or
amorphous carbon.
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3. Experimental

3.1. Materials

Cetyl trimethyl ammonium bromide (CTAB, AR), nickel nitrate, ammonium hydroxide (AR),
tetraethoxysilane (TEOS, AR) were purchased from Aladdin biochemical technology co., LTD (Shanghai,
China). All the reagents were used without secondary purification. Deionized water was produced via
Milli-Q Academic.

3.2. Preparation of Catalysts

The Ni-MCM-41 catalysts were prepared via hydrothermal synthesis method. Taking
10%Ni-MCM-41 catalyst as an example, the 2.345 g of cetyl trimethyl ammonium bromide (CTAB) was
dissolved in 100 mL of deionized water. The mixture was named solution A after stirring for 0.5 h
with 800 r/min at 25 ◦C. 0.77 g of nickel nitrate was dissolved in 20 mL of deionized water and added
dropwise ammonium hydroxide to adjust the pH of solution to 10 to form solution B. Solution B was
slowly poured into solution A with stirring at 800 r/min. After 30 min, 10 mL of tetraethoxysilane
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(TEOS) was added dropwise into the mixture to adjust the pH of solution to 10. The obtained solution
was transfer into to an autoclave of 200 mL and heated at 110 ◦C with rate of 5 ◦C/min for 48 h. After
hydrothermal crystallization, to remove presumable excess ions, the sample was washed by 50 mL of
deionized water twice and dried at 70 ◦C overnight, calcined at 550 ◦C with rate of 10 ◦C/min for 6 h
under air atmosphere. Others catalysts were prepared via similar method except different amount of
nickel nitrate. The molar ratio of SiO2:CTAB:NH3:Ni:H2O was 1:0.152:2.8:x:141.2 (x = 0.05, 0.1, 0.15 for
different loading amounts of Ni). The obtained samples were named as xNi-MCM-41 (x = 5%, 10%,
15%), respectively.

The MCM-41 zeolite was prepared by similar method without adding nickel nitrate. The Ni
supported MCM-41 catalysts were prepared by impregnation method. 0.622 g of nickel nitrate was
dissolved in 2 mL of deionized water. 2 g of MCM-41 zeolite was added into prepared solution at aid
of ultrasonic. The obtained sample was dried at 70 ◦C over night, calcined at 550 ◦C with the rate of
10 ◦C/min for 6 h under air atmosphere. The obtained sample was named as 10%Ni/MCM-41 catalyst.

3.3. Catalyst Characterization

The specific surface area and pore size distribution measure were conducted by QUADRSORB SI
with P/P0 range from 0.0096 to 0.9944. The degassed treatment for 3 h at 300 ◦C was required firstly.
The result of surface area was obtained via multipoint BET analysis of the N2 adsorption isotherms.
Pore size distribution was obtained based on desorption isotherm branch. SHIMADZU-6000 powder
diffractometer (Shimadzu, Tokyo, Japan) with Cu Kα radiation was employed to obtain X-ray powder
diffraction (XRD) results with scan rate of 10◦/min. The TEM images were taken over a JEOL JEM-2010
instrument (JEOL, Tokyo, Japan) operated at 100 kV. To obtain the spent catalysts, the reactant flows
were stopped simultaneously and switched to He flow of 60 mL/min. The catalysts were then flushed
and cooled in He before being sealed. The amount of coking was characterized via TA Q600 TG
analyzer (TA, Delaware, USA). Inductive coupled plasma (ICP) technique (Agilent 7700, Agilent,
California, USA) was employed to measure nickel contents of the samples. The HF solution was used
to dissolve the sample before test. The Thermo Nicolet Nexus FT-IR470 spectrometer (Thermo Fisher
Scientific, Massachusetts, USA) afforded Fourier transform infrared (FT-IR) spectra of samples with
MCT detector. Wafer (diameter: 13 mm; weight: 200 mg) was obtained by tableting and scanned range
from 500 cm−1 to 4000 cm−1. The interaction between metal and support was determined by the H2

TPR technique. 30 mg of catalysts were fixed in quartz reactor and reduced under 25% H2/N2 (V/V,
60 mL/min) flow with increasing temperature from room temperature to 900 ◦C at a rate of 10 ◦C/min.
Outlet gas was monitored by a thermal conductive detector.

3.4. Catalyst Evaluation

The catalytic performance was measured within tubular quartz reactor (inner diameter of 10 mm,
length of 110 cm). The catalyst was sieved to 20–40 mesh before test. The 0.5 g of catalyst were fixed in
the middle of reactor by two quartz wool beds. The electric power was employed to supply heat energy
and temperature of catalyst bed was controlled via thermocouple in the middle of reactor. Then CH4

and O2 mixture (V/V = 2/1, 99.99%, 99.99% of purity) flowed through reactor with 5 × 104 mL·h−1
·g−1

at atmospheric pressure. The effluent gas composition was determined by gas chromatograph (Haixin
GC 920, Haixin, Shanghai, China) equipped with TCD and FID detector. H2, O2 and CH4 were detected
by TCD detector through column of 5A zeolite molecular sieve. CO, CH4 and CO2 were detected by
FID detector through column of carbon molecular sieve with reforming reactor. The data from two
detectors were correlated by CH4. The catalysts were reduced before activity test. The catalysts were
reduced under 25% H2/N2 (V/V, 80 mL/min) flow with temperature increasing from 25 ◦C to 800 ◦C
(determined from H2-TPR) for 2 h. The equations of conversion or selectivity were shown as follows:

Conversion of CH4 = (Fin-CH4 – Fout-CH4)/Fin-CH4 × 100%
Selectivity of CO = Fout-CO/(Fin-CH4 – Fout-CH4) × 100%
Selectivity of H2 = Fout-H2/2(Fin-CH4 – Fout-CH4) × 100%



Catalysts 2019, 9, 606 14 of 16

Ratio of H2/CO = Fout-H2/Fout-CO

F-volume flow rate, mL/min

4. Conclusions

The well-ordered Ni-MCM-41 catalysts with different nickel content were synthesized by a direct
hydrothermal method. The results indicated that the nickel atoms preferentially entered into the
framework with tetrahedral coordination. The incorporated Ni atoms increased with the increasing of
the load amount of Ni. The Ni particles of Ni-MCM-41 catalysts were highly dispersed with smaller
particle size compared with supported Ni/MCM-41 catalyst, especially 10%Ni-MCM-41 catalyst.
Compared with supported 10%Ni/MCM-41 catalyst, the higher CH4 conversion, production selectivity
and longer catalyst life were obtained. The improved catalytic performance was suggested to closely
associate with both the amounts of active centers on the pore wall surface and the stabilized dispersion
of these active sites by the silica matrix.
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