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The highly dispersed Ni nanoparticles in mesoporous silica 

were achieved via using polyol as new delivery conveyors and 

removable carbon templates. The catalyst exhibits excellent 

coking- and sintering-resistance in dry reforming of methane 10 

attributed to the controlled size and location of Ni 

nanoparticles. 

The continuous rise of CO2 concentration which mainly arises 

from the anthropogenic emission into the atmosphere has raised a 

worldwide concern. Dry reforming of methane reaction (DRM) 15 

appears to be attractive for the capacity to mitigate climate 

change through transforming the greenhouse gas into synthesis 

gas. Catalysts based on both noble and non-noble metal have 

been extensively applied in the DRM reaction. Wherein, Ni-based 

catalysts have been regarded as the most promising candidate 20 

because of their low cost and extensive supply.1 Unfortunately, 

during the harsh reaction, the tendencies of Ni nanoparticles 

(NPs) sintering and carbon deposition are impediment for stable 

catalytic performance.2 Therefore, from the standpoint of both 

academic and industrial, a kind of robust catalyst with excellent 25 

catalytic activity and durability is highly desired. 

 It is generally acknowledged that Ni NPs with small size can 

effectively suppress sintering and coking.3, 4Academic comm-

unity has attempted numerous approaches to hinder the catalyst 

deactivation in the DRM reaction by controlling the size and 30 

distribution of Ni NPs.5, 6 Because of the confinement effect of  

uniform channels and the high thermal stability, well-ordered 

mesoporous silica has been highlighted as an ideal support for the 

growth of metal NPs.7, 8Generally, this kind of supported catalyst 

is prepared by an incipient wetness route and the precursor 35 

aqueous solution infiltrates the hydrophilic channels of 

mesoporous silica by capillary force.9 Nevertheless, the Ni 

precursor cannot be effectively delivered into the mesoporous 

channels. Therefore, the catalyst can’t achieve simultaneous coke 

suppression and sintering-resistant while maintain excellent 40 

catalytic performance during high-temperature reactions. 

 Herein, we propose polyol such as ethylene glycol (EG) as 

new delivery conveyors and removable carbon templates to cast 

and in situ immobilize the nickel species into the channels of 

mesoporous silica. Specifically, the polyol coordinated with Ni2+ 45 

species could enter into the mesoporous channels easily by the  

 
Fig.1 Schematic illustration of the catalyst Ni/SBA-15-EG 

capillary force, and then during the heat treatment under an inert 

atmosphere, the polyol decomposes to carbon. Carbon templates 50 

are the major contributors to highly dispersed Ni NPs, and 

simultaneously, they hinder Ni NPs’ migrations from the internal 

surface of mesoporous channels to the outside and further inhibit 

the sintering. 

 A schematic illustration of the synthetic pathway to meso-55 

porous silicaSBA-15 confined Ni NPs catalyst is shown in Fig. 1. 

Firstly, the Ni precursor was delivered into the channels of SBA-

15 by EG. In the following step, the intermediate product was 

dried in vacuum, and pyrolyzed in N2. Finally, we obtained the 

catalyst SBA-15 supported highly dispersed Ni NPs via removing 60 

the carbon templates by being heated in air and in-situ reduction 

by a H2-temperature programmed reduction (H2-TPR) process. 

For comparison, we also prepare the catalyst identically via 

replacing EG by glycerol (GC), ethanol (EA) and H2O. 

 The Transmission Electron Microscope (TEM) images show 65 

the morphologies of catalyst Ni/SBA-15-EG before (Fig. S1, 

ESI†) and after removing the carbon templates (Fig. 2A) and the 

Raman spectrum (Fig. S2, ESI†) proves the formation of carbon 

templates. Ni NPs are almost anchored into the well-ordered 

mesoporous channels, indicating that the introduction of EG 70 

restricts the location of Ni NPs. It is considerably beneficial to 

enhancing the sintering-resistance of the catalyst due to the 

confinement effect arising from the mesoporous wall of silica 

support.10, 11Better still, as the particle size distribution histogram 

(Fig. 2C) shown that these Ni NPs feature an ideal  75 
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Fig.2 A. TEM image of Ni/SBA-15-EG; B. HRTEM image of Ni NPs in 

catalyst Ni/SBA-15-EG; C. Ni particle size distribution of Ni/SBA-15-EG; D. 

HAADF-STEM image of the Ni/SBA-15-EG catalyst; E. EDS mapping of 

Ni/SBA-15-EG catalyst 5 

distribution for coke-resistant catalyst. That is, distributing 

uniformly with a narrow scope of size from 2.1-6.2 nm, and the 

Ni NPs approximate 3.6nm in average size are far smaller than 

those exhibiting a maximum centered at 8-9 nm for the catalyst 

Ni/SBA-15-H2O which is prepared by an incipient wetness route 10 

(Fig. S4d, ESI†). The small size of Ni NPs is advantageous in the 

formation of more catalytic active sites, resulting in giving high 

activity in dry reforming of methane.12 Meanwhile, the small Ni 

NPs arrange in the channels uniformly and isolate from each 

other, so it is deduced that the active sites of Ni NPs can be 15 

totally exposed to reactant gases. The morphology of catalyst 

Ni/SBA-15-EG is further investigated by high resolution 

transmission electron microscope (HRTEM) and high angle 

annular dark field-scanning electron microscope (HAADF-STEM) 

(Fig. 2B, D). They both exhibit highly ordered array of Ni NPs 20 

embedded into long-range ordered mesoporous channels of silica 

support. The Energy Dispersive X-ray (EDX) spectrometry (Fig. 

2E and the spectrum see ESI†, Fig. S3) also demonstrates that Ni 

NPs load in the mesoporous silica with a homogeneous 

dispersion. We also characterized the catalysts Ni/SBA-15- GC 25 

and Ni/SBA-15-EA, respectively (see the details in ESI†, Fig. 

S4b, c). As a result, EA can’t play a part in the dispersion and 

embedment of Ni NPs, it should impute the insufficient alcoholic 

hydroxyl group and carbon source. GC acts well in delivering and 

anchoring the nickel species into the mesoporous channels. The 30 

excellent morphologies of Ni/SBA-15-EG and Ni/SBA-15-GC 

should improve the activity and stability in the DRM reaction. 

However, it may be difficult to diffuse and dry because of the 

high viscosity and boiling point of GC, and it may impact on the 

delivering and immobilizing for Ni NPs, so we regard EG as the 35 

best dispersant to deliver the nickel precursor into mesoporous 

channels. As a universal polyol-assisted route, EG can also 

deliver and immobilize the Ni NPs into the mesoporous channels 

of KIT-6 (Fig. S5, ESI†). 

 The catalytic performance for DRM reaction was tested from 40 

450 oC to 800 oC. It comes to light that the DRM reaction is 

endothermic, as shown in Fig. 3A, the conversions of CO2 and 

CH4 both increase for the samples with the reaction temperature 

increasing, which is similar to the thermodynamic equilibrium 

conversions calculated by the previous scientists.13 In addition, 45 

owing to accompanying reverse water-gas shift reaction,14 the 

conversion of CO2 is higher than that of CH4, and H2/CO ratios 

decrease with time on stream (Fig. S8, ESI†).Apparently 

observed, the Ni/SBA-15-EG performs superior catalytic activity 

than Ni/SBA-15-H2O.Simultaneously,  50 

 
Fig. 3  A. CH4 and CO2 conversions at different temperatures for catalysts 

Ni/SBA-15-EG and Ni/SBA-15-H2O; B. Catalysts conversions versus 

reaction time at 750 °C in the stability tests. C. H2-TPR profiles of the 

fresh catalysts; D. O2-TPO profiles of spent catalysts after stability test 55 

(inset: TG profiles of the spent catalysts) 

the activity performances of the other two catalysts Ni/SBA-15-

EAand Ni/SBA-15-GC are tested (Fig. S6, ESI†). The catalytic 

activities of Ni/SBA-15-EG and Ni/SBA-15-GC are higher than 

those of Ni/SBA-15-EA and Ni/SBA-15-H2O, it could be 60 

attributed to the tiny and equably dispersed Ni NPs which afford 

more exposed active sites to the reactant gases. 

 The stability test of the catalysts with both high and low 

conversions were carried out at 750 oC (Fig. 3B and Fig. S7b, 

ESI†).The catalyst Ni/SBA-15-EG has a prolonged lifetime in the 65 

stability test with the steady TOF value of CH4 (Table S1, ESI†), 

the catalytic activity does not change significantly after the harsh 

reaction. It could be explained in two aspects: the excellent 

sintering-resistance of Ni NPs and the enhanced coking-

resistance of Ni NPs with small size. This can be verified by the 70 

TEM images, temperature programmed oxidation (TPO) and 

thermo gravimetric (TG) profiles of the spent sample as discussed 

in following sections. In contrast, in the case of Ni/SBA-15-H2O, 

both the conversion of CH4 and CO2 decrease gradually with time 

on stream. The formation of larger Ni NPs leads to the sharp 75 

shrink of overall active surface areas and subsequently the 

catalytic activity decreases. During the long-term DRM reaction, 

carbon species deriving from the decomposition of CH4 and 

Boudouard reaction generate. The larger facets and step edges of 

nickel particles facilitate the nucleation of amorphous carbon, it 80 

subsequently evolves into graphite carbon and then covers the 

active sites of Ni NPs.15, 16 The diffusion of deposited coke 

generates carbon nanotubes which are responsible for the block 

of quartz tube after the long-term test. It further leads to sharp 

contact area decrease between the active metallic NPs and 85 

reactant gases, as a result, the deactivation of the catalyst occurs. 

Catalytic stabilities of the catalysts Ni/SBA-15-EA and Ni/SBA-

15-GC under the identical reaction conditions are also evaluated 

(Fig.S7a, ESI†). The result is in accord with what we have 

deduced from the TEM characterization, Ni/SBA-15-GC and 90 

Ni/SBA-15-EG have enhanced coking- and sintering-resistance 

than Ni/SBA-15-EA and Ni/SBA-15-H2O. 

 The H2-TPR profiles are illustrated in Fig. 3C to depict the 

reduction behaviors of different catalysts. It has been demonstra-

ted that Ni2+is directly reduced to Ni0 without any intermediate 95 
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oxidation state species,17
 hence, the different H2 consumption 

peaks just take shape according to multitudinous NiO species. 

From TPR profiles, both samples mainly reflect the H2 signal in 

three temperature regions, revealing the distinguished presence of 

three types of NiO species. Firstly, the peaks at low temperature 5 

zone from 200 oC to 350 oC are ascribed to bulk phase NiO 

grafted on the outside surfaces which have weak interaction with 

the support. Secondly, the moderate reduction peaks from 350 oC 

to 550 oC are associated with the NiO species which have 

relatively smaller particle diameter and enhanced interaction with 10 

the support. The size of NiO particles is also a crucial factor for 

reduction temperature probably owing to the surface energy.18, 19 

Thirdly, the tiny NiO particles embedded into the mesopore with 

intimate contact with the support are reducible at high 

temperature more than 600 oC. The TPR profile of Ni/SBA-15-15 

EG displays that the reduction peaks mainly locate in moderate 

and high temperature regions, even appears at 720oC, suggesting 

the metal-support interaction is strengthened with increased 

interfacial area between the tiny Ni NPs and support. It has made 

contribution to improving the catalytic performance in reforming 20 

process. While for the catalyst Ni/SBA-15-H2O, the reflection 

peaks mainly settle at moderate and low temperature. The reason 

can be explained below, the aqueous solution of nickel precursor 

can hardly infiltrate into the mesoporous channels, leaving behind 

the NiO NPs grow bigger on the external surfaces of the support. 25 

Aggregation of NiO particles reduces the distribution and 

weakens the metal-support interaction. In addition, the 

reducibility of NiO species in Ni/SBA-15-GC is also stronger 

than that of those in Ni/SBA-15-EA and Ni/SBA-15-H2O (Fig. S9, 

ESI†). 30 

The TEM images and the corresponding histograms of the 

spent catalysts Ni/SBA-15-EG and Ni/SBA-15-GC after a long-

term stability test (Fig.S10a, b, ESI†) verify our deduction that 

the sizes of metal NPs have not changed significantly after the 

rigorous reaction. The well-ordered mesoporous structure is 35 

covered by a thin graphene-like coke layer, while it is still 

maintained and the carbon nanotubes on the spent catalysts can 

hardly been observed. It has proved that the Ni NPs with small 

size possess a higher saturation concentration of carbonaceous 

species, so it can suppress carbon diffusion through the Ni NPs 40 

thanks to the lower driving force and then avoid the formation of 

carbon nanotubes.20 Unluckily, the catalysts Ni/SBA-15-H2O and 

Ni/SBA-15-EA haven’t survived in the harsh reaction.  

The amount of coke formation is evaluated by O2-TPO and 

TG experiments (Fig. 3D). Apparently, there are two distinct CO2 45 

peaks in the spent catalyst Ni/SBA-15-H2O, indicating the two 

types of coke: graphitic carbon and carbon nanotubes. The main 

form of coke is graphitic carbon which is responsible for the 

catalyst deactivation. Incredibly, detecting the spent Ni/SBA-15-

EG in the same condition, the CO2 signal can be neglected 50 

comparing with that of the spent Ni/SBA-15-H2O. Similarly, the 

reflection peak of CO2 associated with the amount of coke in 

catalyst Ni/SBA-15-GC also can’t be detected (Fig. S11, ESI†). 

The less carbon deposition reveals the excellent coke-resistance 

for the catalysts Ni/SBA-15-EG and Ni/SBA-15-GC. The carbon 55 

deposited on the catalysts’ surface after the long-term catalytic 

reaction was also quantified by TG measurements. Except the 

loss of adsorbed water, the weight loss of spent Ni/SBA-15-

H2Oand Ni/SBA-15-EG are 32.3 % and 3.8 %, respectively, 

which agrees well with O2-TPO.The higher coke deposition rate 60 

of Ni/SBA-15-H2O (Fig.S12, ESI†) leads to its shorter lifetime. 

To summarize, in this work, the catalyst Ni/SBA-15 was 

prepared by the polyol-assisted route and evaluated in the DRM 

reaction. The characterization result from TEM reveals that EG 

can successfully deliver and immobilize the nickel species into 65 

the channels of mesoporous silica. The high dispersion of Ni NPs 

for Ni/SBA-15-EG catalyst results in more active sites available 

for the reaction, and this leads to its higher catalytic activity. The 

confinement effect of pore walls plays a vital role in preventing 

the sintering of Ni NPs, and the Ni NPs with small size favor in 70 

enhancing the coking- and sintering-resistance so that Ni/SBA-

15-EG presents higher and more stable catalytic performance. 

Our successful demonstration of supported tiny metal particles in 

mesoporous materials paves the way towards the other relevant 

nanocatalysts with enhanced durability which can be applied in 75 

many other catalytic reactions involving the coking- and 

sintering- resistance. 
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