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Abstract: 

Ni@SBA-15 monoliths with up to 5 wt.% of Ni were successfully synthetized 

by means of an original and easy one-pot sol-gel method. Transmission Electron 

Microscopy (TEM), X-ray Photoelectron Spectroscopy (XPS), Temperature-

Programmed Reduction (TPR), Pair Distribution Function (PDF) and X-Ray 

Diffraction (XRD) were used for the structural characterization of the samples. After 

H2-reduction, those solids exhibited small Ni0 particles (between 1-3 nm) highly 

dispersed (one of the highest dispersion reported in the literature to date for 5 wt.% 
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Ni/Silica materials) in strong interaction with the silica support. Scanning Transmission 

Electron Microscopy in the High Angle Annular Dark Field (STEM/HAADF) mode, 

chemical mapping by Energy Dispersive X-Ray (EDX) spectroscopy and electron 

tomography in STEM-HAADF mode highlighted the presence of Ni particles 

homogeneously distributed, especially in the mesopores. Such confined Ni 

nanoparticles were shown to be very selective and stable in the dry reforming of 

methane. 

I. Introduction 

Due to their reasonable activity and low cost, Ni-based catalysts are preferred 

to noble metals-based ones in the Dry Reforming of Methane (DRM) reaction [1]. 

However, these catalysts undergo rapid deactivation, due to Ni oxidation (by surface 

adsorbed oxygen species during the catalytic process) [2], particle sintering [3] and 

coke formation [4]. The DRM reaction, which converts two major greenhouse gases 

into a useful chemical feedstock [5], is highly endothermic (high temperatures are 

therefore needed in order to achieve acceptable conversions) and is accompanied by 

different side reactions such as CH4 decomposition (CH4(g) = C(s) + 2 H2(g)) and the 

Boudouard reaction (2 CO(g) = C(s) + CO2(g)) [6], which are responsible for carbon 

deposition. To avoid coke formation, well-dispersed small nickel particles [7] confined 

in the mesoporosity of an oxide support [8] and in strong interaction with it [9] have 

been claimed to be very suitable candidates to provide efficient and stable DRM 

catalysts [10]. Silica-based supports characterized by high specific surface areas, 

tunable pore sizes and the confined space provided by their porosity and the presence 

of silanol groups are ideal candidates. Despite the numerous investigations performed 

in this field to date, the preparation of such catalysts is still challenging [11]. In fact, 

the majority of the Ni-silica catalysts with relatively good catalytic performance were 

prepared by complicated and/or even expensive pathways such as those based on (i) 

original nickel precursors [12], (ii) ligands and complexing agents [13], (iii) 

sophisticated supports [14] or (iv) promoters and bi-metallics [15, 16]. Confining metal 

particles within the pores of a mesoporous support [17] or in capsules made of a 

mesoporous material [14,18] is a common method to control their dispersion and to 

protect them from sintering by using a physical barrier especially if the metal particles 

are anchored in the oxide support itself [18]. In particular, mesoporous SiO2 and 
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ordered SBA-15 materials appear as very attractive owing to their unique textural 

properties. These solids, widely studied for nickel dispersion, give rise to promising 

catalysts [17,19]. Ni/SBA-15 silica catalysts are commonly prepared through post-

synthesis impregnation of the silica support with an aqueous nickel solution. Even at 

relatively low Ni contents (around 5 wt.%) and despite the various syntheses modes 

used, part of the nickel particles are found to be deposited on the external surface of the 

silica grains, which makes them weakly stabilized by the oxide carrier. Therefore, Ni 

sintering may readily take place if the drying step following impregnation and / or the 

activation step are carried out under rather severe conditions [20]. The one-pot 

preparation method appears to be an attractive alternative to overcome the above-

mentioned limitations. However, the preparation of Ni-silica catalysts using this 

method is not straightforward due to the difficult formation of Ni-O-Si bonds under the 

strongly acidic conditions required for the synthesis of these silica-based materials [21]. 

Under strongly acidic conditions, the silanol groups are protonated (Si-OH2
+) and the 

resulting positively-charged oxide surface hardly interacts with cations such as Ni2+ 

[22]. A pH adjustment strategy (consisting in the controlled increase of the pH of the 

synthesis gel during the hydrothermal treatment) may be helpful for the nickel 

incorporation but may likely be detrimental for the textural properties of the resulting 

materials [23, 24].  

This present contribution aims at reporting on the design of small Ni0 nanoparticles 

(NPs) well dispersed onto ordered mesoporous SBA-15-silica monoliths by using a 

relatively easy and original one-pot sol-gel method [25]. This method is based on the 

rapid gelation of a mixture of a structure-directing agent (Pluronic P123), a silica source 

(tetramethylorthosilicate, TMOS) and an acidic aqueous solution of the nickel 

precursor. The monolithic carriers, whose shape can be customized, facilitate heat and 

mass transfers and afford attractive pressure drop properties, compared to powder 

catalysts [26]. In our study, SBA-15-silica monoliths with 2.5 to 5.0 wt.% of Ni, were 

prepared. Their textural properties, Ni NPs distribution, size and oxidation state as well 

as the Ni-support interaction were studied by N2 sorption, classical TEM, 

STEM/HAADF, electron tomography, EDX/mapping, H2 chemisorption 

measurements, PDF, XPS and H2-TPR. For the sake of comparison, two additional 

materials containing 2.5 and 5.0 wt.% Ni were also prepared through the impregnation 

of a SBA-15 monolith using the “Two-Solvents” (TS) method [27]. Among the 
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prepared catalysts, the one synthesized using the one-pot method with 5.0 wt.% Ni 

seems to be very promising for the DRM reaction. Owing to its preparation method and 

obtained properties, such a solid appears as very interesting from an industrial point of 

view. 

II. Experimental part 

II.1 Materials preparation 

 
The mesostructured silica monoliths were synthesized using 

tetramethylorthosilicate (TMOS) as a silica source and an amphiphilic block copolymer 

poly(ethylene glycol)70-block-poly(propylene glycol)20-block-poly(ethylene glycol)70 

(Pluronic P123, 5800 g mol-1) as a structure-directing agent. For a typical synthesis of 

the SBA-15 monolith (denoted S), 2.4 g of P123 were added to 4 g of TMOS in a 30 

mL poly-propylene vial and the solution was stirred in a water bath at 50°C until the 

polymer had been completely dissolved. After cooling to R.T., 2 mL of an aqueous 

acidic solution (HNO3/H2O pH = 1.3) were quickly added to the stirred TMOS-P123 

clear mixture. The resulting solution was divided into four vials, which were closed 

tightly and transferred in a thermostated water bath at 23 °C to be aged overnight 

without stirring. After removing the vial lid, the resulting viscous sol gelled within 6 h 

giving a translucent gel. The ageing process was continued for one week in order to 

obtain homogeneous white glassy silica–copolymer monoliths. Finally, the solid was 

calcined in three steps (from R.T. to 100°C in 1 h followed by 1 h at 100°C, then from 

100°C to 250°C in 8 h followed by 2 h at 250°C and from 250°C to 500°C in 8 h 

followed by 4 h at 500°C; Fig. S1), in order to optimize the removal of water, of the 

structure-directing agent and, last but not least, favor the densification of the silica 

framework.  

For one-pot syntheses, a similar protocol was used. An adequate quantity of 

Ni(NO3)2.6H2O (197.5 or 395.0 mg corresponding to 2.5 (NiII
2.5%@S) or 5.0 

(NiII
5%@S) wt.% of Ni, respectively) was dissolved in the aqueous acidic solution 

before mixing with the P123-TMOS mixture.  

For a comparison purpose, two reference materials, NiII
2.5%/S and NiII

5%/S, were 

prepared by the “Two-Solvents” (TS) method. In that case, 250 mg of the S monolith 
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were suspended in n-heptane (with an appropriate volume to cover the solid) for a 

couple of minutes. A volume of water slightly lower than that of the silica pore volume 

(as previously determined by N2 sorption) and containing an appropriate amount of 

nickel precursor was added dropwise. Due to the differences in polarity of n-heptane 

and water, the aqueous solution enters the porosity of the SBA-15 monolith, leading to 

the confinement of nickel. The solid was then removed from n-heptane, dried at RT and 

finally calcined, under static air, at 550 °C for 6 h (heating rate 1°C min-1). 

II.2 Solid characterizations 

Textural properties were determined from N2 adsorption-desorption isotherms 

recorded either on a Belsorp-max (BEL JAPAN) or ASAP 2020 (Micromeritics) 

apparatus. Before measurements, the samples were degassed under vacuum for 2 h at 

250°C either on a BelprepII-vac unit or the ASAP 2020 equipment. Specific surface 

areas were obtained by using the BET equation. Pore diameters and specific pore 

volumes were determined using the BJH model. The textural properties were calculated 

by taking into account the siliceous support weight only (without Nickel). 

Low and wide angles XRD measurements were performed either on a Brüker D8 

Advance diffractometer or an X'Pert3 Powder diffractometer (PANalytical, 

Netherlands) with CuKradiation sources (1.54 Å) operating at 30 KV and 10 mA. 

Low and wide angles data were recorded in the 2 theta range between 0.5 and 5°, and 

5 and 90° with a step size of 0.01° and 1 s per step. The mean nickel/nickel oxide 

particles size was calculated from the Scherrer equation: D = Kλ/βcosθ, where K is a 

constant (K=0.9), λ is the wavelength of the radiation source (1.54 Å), β is the full width 

at half maximum (FWHM) of the diffraction peak and θ corresponding to the peak 

position. 

The X-ray photoelectron spectra (XPS) were collected on an Omicron Argus X-Ray 

photoelectron spectrometer using a monochromatic Al K radiation (h = 1486.6 eV) 

with a 300 W electron beam power. The emission of photoelectrons from the sample 

was analyzed at a takeoff angle of 45° under ultra-high vacuum conditions (1 x 10-8 

Pa). XP spectra were collected at pass energy of 20 eV for C 1s, Si 2p, Ni 2p and O 1s 

core XPS levels. The charging effects were corrected by adjusting the binding energy 

of the C 1s peak from carbon contamination to 284.8 eV. The peak areas were 
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determined after subtraction of a Shirley background. The atomic ratio calculations 

were performed after normalization using Scofield factors. Spectrum processing was 

carried out using the Casa XPS software package. 

Thermogravimetric analyses (TGA) were performed in order to quantify the amounts 

of carbon deposited on the spent catalysts using a TA SDT Q600 thermal analyzer 

instrument. Measurements were carried out from R.T. to 900°C (heating rate 10°C min-

1) in flowing air (100 mL min-1).  

Temperature-Programmed Reduction (TPR), carried out on Autochem 2910 or 

2920 (Micromeritics) instruments equipped with TCD detectors, was used in order to 

study the nickel reducibility of the calcined materials. The samples (80 mg) deposited 

on a plug of quartz wool in a U-shaped quartz tube were heated from R.T. to 900 °C at 

a rate of 10°C min-1 using a 5 vol% H2/Ar gaseous mixture (25 mL min-1). An 

isopropanol-liquid N2 mixture (Autochem 2910) or an ice and salt bath (Autochem 

2920) were placed before the TCD detectors to trap the water molecules formed during 

NiO reduction. The nickel loading was deduced from the amount of H2 consumed 

during the TPR experiment after controlling that the Ni loading of a reference material 

was found to be coherent with that determined by inductively-coupled plasma optical 

emission spectrometry (ICP-OES, Crealins-Villeurbanne). The Autochem 2910 and 

2920 instruments were also used to perform high-temperature H2 reductions mimicking 

the in-situ reduction (detailed later) carried out as a pretreatment step prior to the 

catalytic test.  

Transmission Electron Microscopy (TEM) analyses were performed on a JEOL-

1011 (LaB6) and JEOL-2010 (LaBs) microscopes operating at 200 kV. The sample 

powder was ultrasonicated in ethanol and several drops of the resulting suspension were 

deposited on a copper grid coated with a porous carbon film. Observations were made 

once ethanol was evaporated at R.T. For the solids prepared by ultramicrotome, 

transmission electron microscopy (TEM) images and HRTEM images were taken on a 

JEOL JEM-2010 UHR operating at 200 kV, equipped with an EDX detector. A few mg 

of powder were deposited in the bottom of a Beam capsule. Some embedding resin 

(AGAR 100) was added and polymerized for 48 h at 60°C. The polymerized blocks 

were then cut into ultrathin sections (about 70 nm thick) using a diamond knife of a 

Leica microtome (ULTRACUT UCT) and deposited on carbon-coated copper grids. 
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To observe nickel dispersion and location, STEM/HAADF and EDX/mapping were 

also performed on a JEOL 2020 microscope on ultra-thin sections of selected samples. 

 

The 3D imaging by electron tomography was performed in the scanning transmission 

electron microscopy (STEM) mode using a JEOL 2100 FEG STEM microscope 

operated at 200 kV and equipped with a probe spherical aberration corrector. The 

sample was dispersed in ethanol and deposited on a holey carbon-coated TEM grid. For 

the acquisition of the STEM-HAADF (high angular annular dark field) images, a spot 

size of 0.13 nm, a current density of 140 pA and a camera length of 8 cm (corresponding 

to inner and outer diameters of the annular detector of about 73 and 194 mrad), were 

used. The acquisition of tilt series was recorded using the tomography plug-in of the 

Digital Micrograph software, which controls the specimen tilt step by step, the 

defocusing and the specimen drift. The spatially correlated HAADF and BF tilt series 

were acquired by using the ADF and BF detectors and tilting the specimen in the 

angular range of ± 66° using an increment of 2° in the equal mode, giving thus 65 

images in each series. These images were spatially aligned by using a cross correlating 

algorithm; the volume reconstruction was subsequently calculated using the algebraic 

reconstruction technique (ART) of the TomoJ plugin implemented in the ImageJ 

software. Finally, the visualization and the analysis of the 3D reconstructions were 

carried out using the displaying capabilities and the isosurface rendering method of the 

Slicer software. 

 

H2 Chemisorption experiments were performed on a BELSORB-max equipment 

from BEL JAPAN. The samples (about 200 mg) were reduced in situ under a flow of 

H2 (50 mL min-1) at 650°C for 2 h using a ramp of 10°C min-1. The sample was then 

outgassed at 620°C for 2 h under vacuum (about 5x10-5 Pa). Firstly, H2 chemisorption 

measurement was performed at 25°C, the pressure at equilibrium being recorded when 

the pressure variation was below 0.02% per minute. The sample was then outgassed for 

2 h at 25°C before a second H2 chemisorption was performed under the conditions 

described before. Nickel particle size estimations are based on truncated octahedron 

geometry, assuming complete reduction, semi spherical particles and a H/Ni adsorption 

stoichiometry factor of 1. The experimental data were fitted with a Langmuir adsorption 

equation (Equation 1) and the amount of surface nickel was calculated from the quantity 
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adsorbed at saturation (𝑄𝑚𝑎𝑥 in the model). The dispersion refers here to as the molar 

percentage of surface Ni atoms compared to the total number of Ni atoms in the sample.  

 

= 𝑄ads

𝑄𝑚𝑎𝑥
 = √𝐾𝑃

1+ √𝐾𝑃
   (Equation 1) 

: Fractional occupancy of the adsorption sites 

Qads: Quantity adsorbed 

Qmax: Quantity adsorbed on saturation 

K: Equilibrium constant 

P: Partial pressure of the adsorbate 

Pair Distribution Function (PDF) analysis 

The reduced atomic PDF, G(r), gives, from a structural model, the probability of finding 

a pair of atoms at a distance of r as follows:  

G(r) = 4.π.r. [ρ(r) -ρ0], (Equation 2) 

where ρ(r) is the atomic pair-density and ρ0 is the average atomic number density. As 

defined, peaks in the G(r) function correspond to specific distances separating pairs of 

atoms. 

G(r) can also be extracted from an experimental XRD pattern. Indeed, G(r) is the 

Fourier transform of the total structure function S(Q): 

𝐺(𝑟) = (
2

𝜋
) . ∫ 𝑄. [𝑆(𝑄) − 1]. sin (𝑄𝑟)𝑑𝑄

∞

𝑄=0
, (Equation 3) 

where Q is the magnitude of the scattering vector (Q = 4πsinθ/λ), 2θ being the angle 

between the incoming and outgoing X-ray, λ is the X-Ray wavelength, and S(Q) is the 

total scattering structure function which is the corrected and normalized experimental 

intensity. 

 
The X-Ray scattering measurements were performed on a Brüker D8 Advance 

diffractometer equipped with a molybdenum anode, a Göbel mirror and a High Energy 

Lynx Eye linear detector. The analysis was done in transmission: a few milligrams of 

powders were placed in a borosilicate capillary of 1 mm diameter that was sealed. To 

optimize the acquisition time, the X-Ray diagrams used for the PDF were obtained by 

concatenation of 7 X-Ray diagrams recorded with the following parameters (2θi (°)-2θf 

(°)-step (°)-time per step (s): 0.8-31-0.02-2, 29-61-0.04-6, 59-91-0.06-15, 89-121-0.1-

40 (2 times), 119-150-0.1-100 (2 times). The XRD of the empty capillary was also 

recorded for subtraction. Then, the PDFGetX3 software [28] was used to extract the 

experimental PDFs from XR diagrams (Qmin=0.7; Qmax=16.6; rpoly=1.3). In parallel, 
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the PDFGUI software [29] was used to calculate the theoretical function G(r) from a 

structural model. For comparison purposes, experimental G(r) were normalized so that 

all experimental G(r) present a first peak (dSi-O=1.6 Å) at the same intensity. 

II.3 Catalytic measurements 

The different catalysts were tested using a PID ENG & TECH Microactivity Effi 

Reactor. The solids were loaded on a plug of quartz wool and treated in-situ at 650°C 

for 2 h (10°C min-1) in a 5 vol.% H2/Ar flow (30 mL min-1) in order to achieve a 

complete reduction of NiO into metallic nickel. After this pretreatment step, the 

temperature was decreased to 200°C and the dry reforming of methane reaction was 

started under atmospheric pressure, using a CH4/CO2/Ar (0.5/0.5/9) reacting mixture 

and a total Gas Hour Space Velocity (GHSV) of 144 (50 mg of catalyst and 120 mL 

min-1 total flow) or 960 L g-1 h-1 (10 mg of catalyst diluted with 90 mg of fumed silica 

(Aldrich 381276) and 160 mL min-1 total flow of reactants mixture). The GHSV values, 

which can also be calculated on the basis of the Ni weight of the catalysts, are 2880 and 

3840 L g-1 h-1, respectively. 

Firstly, the activity of the catalyst was measured by increasing the reactor temperature 

from 200 up to 650 °C (using a rate of 5 °C min-1). The temperature was then maintained 

at 650 °C for 12 h for stability measurements. The gaseous products were analyzed 

online by a micro-GC (Agilent 490) equipped with Plot-U and Molecular sieves 

columns using a TCD detector. The conversions of methane and carbon dioxide were 

calculated according to Equations 4 and 5, respectively, and the H2/CO ratios were 

estimated using Equation 6: 

 

CH4 conversion, % = 
(𝐶𝐻4(𝑖𝑛)−𝐶𝐻4(𝑜𝑢𝑡))

𝐶𝐻4(𝑖𝑛)
× 100 (Equation 4) 

CO2 conversion, % = 
(𝐶𝑂2(𝑖𝑛)−𝐶𝑂2(𝑜𝑢𝑡))

𝐶𝑂2(𝑖𝑛)
× 100 (Equation 5) 

H2/CO = 
𝐻2(𝑜𝑢𝑡)

𝐶𝑂(𝑜𝑢𝑡)
  (Equation 6) 

The reproducibility of the catalytic tests was evaluated by double testing chosen 

catalysts. The latter were considered reproducible when the difference between the two 
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repetitions did not exceed 5% (for CH4 and CO2 conversions) and 0.05 (for H2/CO 

molar ratio) maximum. 

III. Results and discussion 

The calcined and reduced solids will be characterized separately and then the 

reactivity of reduced materials will be evaluated under different DRM conditions. 

III.1 Calcined samples 

All the samples (2.5 and 5 wt.% Ni) prepared either by impregnation or one-pot 

insertion of Ni are characterized by type IV isotherms forming a H1 hysteresis loop 

typical of mesoporous materials with a narrow range of uniform mesopores (Fig. 1A 

and S2) [30]. Upon impregnation with the aqueous solution of Ni(NO3)2.6H2O, the pore 

volume of the support (S) did not change to a significant extent for NiII
2.5%/S and 

NiII
5%/S samples (Table 1). A similar conclusion can be drawn regarding the evolution 

of the specific surface area after Ni impregnation with a decrease of 9.6 and 11.6% for 

NiII
2.5%/S and NiII

5%/S, respectively. The mean pore diameter (5.4 nm) was found to 

remain essentially constant before and after impregnation. In contrast, it must be 

noticed that NiII
2.5%@S and NiII

5%@S solids prepared by one-pot synthesis exhibited 

higher specific surface areas but lower pore volumes compared to those of the NiII
2.5%/S 

and NiII
5%/S reference samples. 

Figure 1 

Finally, the mean pore diameters of the samples prepared by one-pot synthesis were 

found to be about 1 nm smaller compared to those of the samples prepared by 

impregnation (Table 1). 

Table 1 

In good agreement with the N2 sorption data, small angle X-Ray diffractograms of 

selected calcined samples (Fig. 1B) exhibited the (100), (110) and (200) peaks 

characteristic of highly-ordered hexagonal mesoporous materials with a P6mm 

structure [31]. This observation proves the high organization of the pores in the 

prepared SBA-15 monoliths. It is noteworthy that the intensity of the (110) and (200) 

peaks decreases in the case of NiII
5%/S probably due to the lower long range order 
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induced by the presence of NiO inside the porosity. Undoubtedly, the NiII
5%@S sample 

was characterized by a greater pores structuration compared to that of NiII
5%/S.  

Wide angles X-Ray diffractograms of the calcined NiII
5%/S samples (Fig. S3) show five 

diffraction peaks at 2° = 37.2, 43.3, 62.9, 75.4 and 77° (). These contributions were 

assigned to the (111), (200), (220), (311) and (222) crystallographic planes of NiO 

particles with a face-centered cubic lattice (Fm-3m, JCPDS no. 89-7130) [32]. The 

mean NiO particle size for NiII
5%/S is estimated to be about 6 nm from the Scherrer 

equation, which is similar to the mean pore diameter of the corresponding support 

(Table 1). In contrast, no peak indicative of the presence crystalline NiO particles could 

be observed for NiII
5%@S, which suggests the formation of small nanoparticles and/or 

of clusters with the one-pot strategy. Similar observations were made in the case of 

NiII
2.5%-S solids (Fig. S4). 

The reducibility of the nickel species was investigated by H2-TPR and the Ni loadings 

were also deduced from these measurements (Fig. 2 and Table 1).  

Figure 2 

Overall, the reduction profile of the sample prepared through post-synthesis 

impregnation was found to be very different from the one obtained by the one-pot 

strategy. NiII
5%/S exhibited two reduction peaks at 400 and 620°C and was fully reduced 

at 710 °C (Fig. 2). The H2 consumption at c.a. 400°C is usually attributed to the large 

NiO particles (bulk) with low metal-support interaction [33], whereas the H2 

consumption at c.a. 600°C can be assigned to smaller NiO species in stronger 

interaction with SiO2. It is noteworthy that the high-temperature reduction peak 

(640°C) becomes the major contribution in the case of the NiII
5%@S sample and full 

reduction of this solid was achieved at a higher temperature (~ 800°C) compared to the 

material prepared by impregnation (710°C). Such differences in reduction behavior 

between those materials, having similar Ni loadings, highlight the strong influence of 

the preparation method on nickel reducibility. The one-pot pathway would improve the 

metal-support interaction, thus leading to the formation of smaller Ni0 NPs during the 

reduction step [34, 35]. Likewise, TPR analyses were conducted for NiII
2.5%/S and 

NiII
2.5%@S solids in order to confirm this hypothesis. Figure S5 reflected comparable 

behaviors (two peaks and lower metal support interaction for NiII
2.5%/S obtained via 
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post-impregnation vs. one main peak and higher metal support interaction for 

NiII
2.5%@S prepared through the one-pot strategy). Thus, it is obvious that the one-pot 

preparation method indeed promotes the Ni-SiO2 interaction. A comparison of the Ni’s 

reducibility (using relatively close H2-TPR operating conditions) between relevant 

examples of Ni-SiO2 based catalysts designed by using either impregnation, a core-

shell approach or a colloidal pathway while excluding materials based on Ni 

phyllosilicates or involving promoters is proposed in Table S1. Beside the colloidal 

pathway, whatever the impregnation method used, two reduction peaks are often 

identified in good correlation with what we observed for Ni5%/S. The particles size 

control afforded by the colloidal pathway could explain the “one reduction peak” 

behavior of the corresponding catalysts. The one-pot method developed throughout the 

present study has led, so far, to one main reduction peak at relatively high reduction 

temperature when compared to its counterparts (Ni/S samples here or other catalysts in 

Table S1). Accordingly, these results stressed the advantage of the one-pot pathways 

towards improving the metal-support interaction as well as, probably, particle size 

control. 

In addition, the Ni loadings of the different samples were estimated from the quantities 

of H2 consumed in the NiO to Ni reduction. Table 1 shows that the estimated Ni 

loadings for all of the prepared solids is relatively close to that expected, in particular 

for the one-pot prepared samples.  

An appropriate way to monitor the interaction of Ni with the support consists in 

studying the materials by XPS. Two representative XPS spectra recorded on the 

NiII
5%/S and NiII

5%@S samples are shown in Fig. 3. 

Figure 3 

Both solids exhibited two main peaks corresponding to Ni 2p3/2 and Ni 2p1/2 core levels 

with their shake up satellites that are clearly different. The Ni 2p3/2 peak for NiII
5%/S 

could be decomposed into two contributions at 853.8 and 856.0 eV that have been 

already observed for bulk-scale and nano-sized polycrystalline NiO up to 5 nm [36]. 

Nickel oxide supported onto silica is also often characterized by binding energy values 

between 853 and 855 eV and usually, it is believed that the stronger nickel oxide 

interacts with silica, the more the peaks are shifted to higher energy values. In the case 

mailto:NiII2.5%25@S
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of NiII
5%@S, a major contribution was observed at approximately 857 eV with a very 

small one at 853.8 eV as reported in the work of K.O. Sebakhy et al [37] dealing with 

highly dispersed Ni within silicate zeolites. In some studies, it is mentioned that this 

could be also the result of the presence of Ni(III), but this is not compatible in our case 

with the quantification of nickel by TPR-H2 shown before. As the result, we believe 

that the XPS spectrum of NiII
5%@S is more compatible with tiny NiO nanoparticles 

(clusters) or nickel(II) silicate or nickel(II) hydroxide [38] but the pH range of the 

synthesis gel is not appropriate for the formation of silicates or hydroxides. NiO clusters 

could also be present in NiII
5%/S but to a lesser extent. A similar trend was also observed 

in the case of Ni 2p1/2 peaks. Those XPS results are coherent with the observations 

made by TPR in which NiII
5%/S showed two main reduction peaks (Fig. 2). Based on 

the areas of the two contributions in H2-TPR (at 400 and 620°C, Fig. 2) and XPS (at 

853.8 and 856.0 eV, Fig. 3), the first one can be assigned to NiO particles with low 

metal-support interactions, whereas the second one can be attributed to NiO clusters 

with stronger interaction with the silica support. NiII
5%@S mainly exhibited Ni2+ 

species strongly interacting with the silica support as indicated by the corresponding 

H2-TPR trace (Fig. 2) and XPS spectra (Fig. 3). In addition, the XPS Ni/Si atomic ratios 

were estimated to be 0.03 and 0.01 for NiII
5%@S and NiII

5%/S, respectively. These Ni/Si 

ratios, especially for NiII
5%/S, were found to differ from the theoretical ratio (0.05). In 

our opinion, such XPS data would be coherent with the better Ni dispersion for the solid 

prepared by means of the one-pot method (NiII
5%@S) compared to that prepared by 

post-synthesis impregnation (NiII
5%/S). 

 

The calcined NiII
5%-S samples were also characterized by TEM in order to investigate 

the dispersion and the location of Ni species (Fig. 4).  

Figure 4 

TEM micrographs of NiII
5%/S provide further support for the presence of i) an ordered 

hexagonal mesoporosity of the support, in good agreement with the N2 sorption 

isotherms and small angles X-Ray diffraction data (Fig. 1), and ii) NiO particles (Figs. 

4A, A’ and B). Indeed, using Selected Area Electron Diffraction (SAED), the five rings 

made of small spots observed for NiII
5%/S (Fig. 4C) indicate the presence of 

polycrystalline NiO ((111), (200), (220), (311) and (222) crystalline planes of the fcc 
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lattice) with a crystallographic distance, d200, of 2.08 Å. Furthermore, in this sample 

(prepared by post-synthesis impregnation), the observed rows of NiO nanoparticles 

(Figs. 4A and A’) were not homogeneously distributed. Regarding NiII
5%@S, it is worth 

mentioning that the addition of Ni in the synthesis gels did not affect the structuration 

of the silica’s pores to a significant extent (Figs. 4D and F) as its mesoporosity seems 

to be essentially preserved. In agreement with the wide angles XRD (Fig. S3), NiO 

particles were very difficult to observe in NiII
5%@S (Figs. 4D, E and F) compared to 

NiII
5%/S (Figs. 4A, A’ and B). It is worthwhile to know that the TEM images for the 

solids loaded with 2.5 wt.% Ni (Fig. S6) revealed similar observations.  

These TEM observations (Figs. 4 and S6) agreed with i) the absence of wide angles 

XRD peaks (Figs. S3 and S4) and ii) the much lower Ni/Si XPS ratio. Moreover, the 

fact that the H2-TPR profiles are shifted to higher reduction temperatures (Fig. 2 and 

S5) for the samples prepared by a one-pot protocol (NiII@S) is coherent with the 

formation of much smaller NiO nanoparticles and/or the presence of highly dispersed 

Ni2+ ions in greater proportion in the one-pot samples.  

Using PDF analyses, more information on the structure and the particle size of the Ni 

species in NiII
5%@S can be obtained even in the absence of X-Ray diffraction peak. 

This technique consists in the analysis of the total X-Ray scattering by ways of Fourier 

Transform that leads to the Gexp(r) function [28]. Gsim(r), a similar function can be 

calculated from a proposed structural model as the probability of finding a pair of atoms 

separated by the distance r [29]. Comparison of Gsim(r) and Gexp(r) leads to the 

validation of the proposed structural model and also allows for checking the nickel 

oxidation state (Fig. 5A). Indeed, the first 3 characteristic simulated peaks stand at 2.1, 

3.1 and 5.3 Å for NiO, and at 2.48, 3.52 and 4.30 Å for Ni0. As expected, Gexp(r) curve 

for calcined NiII
5%@S (Fig. 5B) mainly shows silica (1.6; 2.1; 2.6; 3.0 Å…). However, 

the superposition of Gexp(r) for calcined NiII
5%@S with Gexp(r) of the corresponding 

support, S, reveals three differences of the intensities at 2.1, 3.1 and 5.3 Å matching 

with NiO peaks. The next expected NiO peak at 6.61 Å is not observed nor the 

following others, meaning that the limit of the atom correlation is reached for these 

distances. From these results, we can conclude that nickel in NiII
5%@S is most likely 

present as NiO clusters with an average size of about 6 Å in diameter. 

Figure 5 
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STEM/HAADF and TEM combined with EDX/mapping carried out on NiII
5%@S 

confirmed that nickel is present as highly dispersed species on the siliceous support 

(Fig. 6). Similar information could also be obtained with EDX analyses (data not 

shown) performed on several regions of the NiII
5%@S sample.  

Figure 6 

III.2 Reduced samples 

The full reduction of the SBA-15-supported Ni samples was achieved after 

exposure to H2 at 650°C for 2 h, as verified by H2-TPR (results not shown here). 

The shapes of the N2 sorption isotherms and of the hysteresis loops of Ni0
5%@S and 

Ni0
5%/S samples (Fig. S7) were found to be relatively similar to those of their calcined 

precursors, i.e. NiII
5%@S and NiII

5%/S (Figs. 1A and S2). Hence, the BJH treatment of 

the isotherms revealed that the mean pore diameters and the pore size distributions of 

Ni5%@S or Ni5%/S are almost the same before and after the reduction step. However, a 

decrease in the specific surface areas (Table S2, -25 and -17%, respectively) could be 

observed in parallel with the decrease of the contribution of micropores to the total pore 

volume. Such a change, which was not significant after the calcination of NiII
5%-S 

precursors, would be attributed to the condensation of the micropores under high-

temperature thermal treatment (here 2 h at 650°C). 

After reduction of NiII
2.5%/S and NiII

5%/S, prepared by impregnation of S, the diffraction 

peaks of NiO crystallites observed before (Figs. S3 and S4) disappeared, whereas new 

diffraction peaks characteristic of the presence of Ni0 nanoparticles (JCPDS no 70-

1849) [39] appeared at 2 = 44° (111), 52° (200) and 76° (220) (Figs. S8 and S9). 

For Ni0
5%/S, the size of these Ni0 nanoparticles is estimated, from the Scherrer equation, 

to be close to 7-8 nm, which is found to be slightly bigger than the pristine NiO particles 

(~ 6 nm). Since the density of NiO crystallites (6.6 g cm-3) is lower than that of Ni0 

crystallites (8.3 g cm-3), such an increase in Ni0 particles size can be attributed to 

moderate sintering of the Ni particles during the reduction step. On the other hand, no 

X-Ray diffraction peaks characteristic of Ni0 were observed for the reduced forms of 

the one-pot prepared Ni@S samples (Figs. S8 and S9) suggesting the presence of very 

small and highly dispersed nanoparticles in these materials.  
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TEM micrographs of the reduced solids (Fig. 7) firstly confirmed the preservation of 

the ordered porosity after the reduction treatment. As it was the case for the NiO 

particles in calcined NiII
5%/S (Figs. 4A, A’ and B), Ni0 particles with relatively 

heterogeneous dispersion were easily observed in Ni0
5%/S (Figs. 7A and A’). Most of 

these particles were still located inside the porosity but it could be noticed that some of 

them (Fig. 7B, white circles) seem to have damaged locally the silica pore walls. The 

mean Ni0 particle size for Ni0
5%/S was estimated to be 8.0 nm from the TEM images 

(Table 1) in good agreement with the size that was estimated by XRD (Fig. S8). 

Figure 7 

For Ni0
5%@S (Fig. 7C and D), a few particles of a size close to the pore diameter (about 

5-6 nm) could be easily observed (Fig. 7C) but, using a higher magnification, many 

other smaller nanoparticles, with an average size of about 2.1 nm (Table 1), were also 

found in the mesoporosity of the support (Fig. 7D). The Ni0
5%@S solid was also 

analyzed by PDF in order to confirm the complete reduction of the NiO particles and 

to estimate the size of Ni0 NPs obtained (Fig. S10).  

Indeed, Figure S10 shows 4 peaks at 2.5, 4.2, 6.5 and 9 Å that can be attributed to the 

presence of Ni0 NPs with a mean particle size of about 1 nm, while no NiO contribution 

could be detected. 

To reach a more reliable insight on the microstructure of the catalyst grain as well as 

on the relative distribution and localization of the Ni-based nanoparticles, we have 

analyzed two typical grains of Ni0
5%@S by electron tomography in the STEM-HAADF 

mode. The obtained results are depicted in Figs. 8 and S11.  

Figure 8 

By analyzing the reconstructed volumes slice by slice, we easily observe that most of 

the nanoparticles can be found in the inner part of the catalyst grain and very few are 

close to the external surface. Within the aggregate, the particles are very well 

distributed and attached to the pore walls, most of them having a nanometric size (about 

1 nm) and only very few (denoted by the red arrows in Fig. 8 C) a size close to the pore 

diameter. Another important finding obtained from the tomography analysis concerns 

the influence of the long range order of the mesoporous structure on the distribution 
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and final size of the Ni nanoparticles. By comparing the characteristics of the particles 

localized in a very ordered region and in a less ordered one respectively (corresponding 

to the left and right areas of the 3D volume depicted in Figure 8 B), we can easily 

observe that the size of the particles in the area characterized by a long range order of 

the porosity is smaller, which demonstrates the beneficial effect of the mesoporous 

order on the final structural properties of the Ni-based catalyst. 

The estimation of the Ni dispersion from Ni-silica samples by H2 chemisorption is far 

from being trivial. Bartholomew recommended that it should be done on the basis of 

the first H2 isotherm (including reversibly and irreversibly chemisorbed hydrogen) [40]. 

Indeed, he argued that reversible hydrogen chemisorption takes place on Ni crystallites 

rather on the support, support contaminant, or unreduced Ni. This conclusion was 

supported by the good agreement obtained between H2 chemisorption, XRD and TEM 

data. The reversible hydrogen chemisorption phenomenon on Ni could be due to the 

much weaker bonding of hydrogen on some Ni sites compared to those of Pt group 

metals, which thus prevents the use of the back sorption method on Ni samples. Yet, 

studies performed on Ni catalysts can be found for which the metal dispersion was 

estimated by the back sorption method therefore only taking into account irreversibly 

chemisorbed hydrogen [41]. Doing the same in our case, the estimated Ni mean particle 

size for Ni0
5%/S and Ni0

5%@S (55 and 8.6 nm, respectively) were found to differ 

markedly from those obtained by XRD and/or TEM (7-8 and 2.1 nm). Although it was 

checked in the present work that the support alone showed reversibly adsorbed 

hydrogen species (0.3430 cm3 g-1), the data listed in Table 2 are related to the amounts 

of hydrogen adsorbed in the first H2 isotherm, thus to the total (reversible + irreversible) 

hydrogen uptake. This method was selected for comparison purpose as most of the Ni 

dispersion data reported to date on silica-supported catalysts used in the DRM reaction 

were obtained likewise (Table S3 and references included). 

Table 2 

Table 2 shows that, for Ni0
5%/S, the Ni particles size estimated by H2 chemisorption 

(12.6 nm) is in rather good agreement with those obtained by XRD (7-8 nm) and TEM 

(8.0 nm, Table 1). We hypothesize that the over-estimation with H2 chemisorption can 

be attributed to differences in the accessibility of hydrogen to the Ni sites given that 

Ni0
5%/S was shown to exhibit some bundles of Ni0 particles by TEM (Fig. 7). On the 
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other hand, the estimated particles size for Ni0
5%@S (about 3 nm) is in better agreement 

with those obtained by TEM and PDF (2.1 and  1 nm, respectively). It is also 

consistent with the absence of XRD contributions for these reduced samples (Fig. S8). 

In that case, the agreement between the Ni particles size estimated by H2 chemisorption 

and TEM may be assigned to a much better accessibility of the Ni surface sites 

compared to Ni0
5%/S. The Ni dispersions in Ni0

5%/S and Ni0
5%@S samples were 

estimated in parallel from H2 chemisorption data and TEM. In the latter approach, the 

volume-area mean diameters (defined by dVA = Σ ni di
3/ Σ ni di

2) were deduced to be 2.9 

and 8.5 nm for Ni05%@S and Ni0
5%/S, respectively. The metal dispersions (calculated 

as D = 6 
(v𝑁𝑖 𝑎𝑁𝑖)⁄

dVA
, where v𝑁𝑖 is the volume occupied by a Ni atom in the bulk (v𝑁𝑖 = 

10.95 Å3) and 𝑎𝑁𝑖 is the surface area occupied by a Ni atom on a polycrystalline surface 

(𝑎𝑁𝑖 = 6.51 Å2) [42]), were estimated to be 35% and 11.7% for Ni0
5%@S and Ni0

5%/S, 

respectively. Such values are in very good agreement with those obtained from the H2 

chemisorption technique listed in the Table 2. It is worthwhile to note that the Ni 

dispersion in Ni0
5%@S prepared by the one-pot method is among the best dispersion 

values reported to date for silica-supported nickel (Table S3 and references included). 

Finally, it can also be noted that Ni0
2.5%@S had a slightly higher dispersion of Ni than 

Ni0
5%@S (Table 2). 

Hence the present one-pot strategy used to prepare the Ni@S samples with a high Ni 

loading and a good dispersion is found to be very simple and cost-effective compared 

to other methods described earlier in the literature aiming at controlling the Ni particle 

size confined in porous supports (Table S3 and references included). 

III.3 Catalytic DRM performance and spent sample characterization 

The catalytic performance of the in situ-reduced Ni0
5%@S catalyst was 

investigated firstly in the DRM reaction under a GHSV of 144 L g-1 h-1. As expected 

the conversions of CH4 and CO2 rise when increasing the temperature (Fig. 9A). Under 

these conditions, Ni0
5%@S was found to be very active, with CH4 and CO2 conversions 

(~ 75% at 650°C) close to the thermodynamic equilibrium values (85 and 89 % for CH4 

and CO2, respectively) determined in the absence of carbon formation, and highly stable 

during 12 h allowing the selective formation of H2 and CO (molar H2/CO close to 1 

(Fig. 9B)). Secondary reactions did not occur to a large extent in agreement with the 

mailto:Ni02.5%25@S
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observed fairly good stability of the catalyst. Similar results were obtained too with 

Ni0
2.5%@S (results not shown). 

 After use, the spent Ni0
5%@S material was characterized by N2 sorption, XRD, 

TGA and TEM techniques (Figs. S7, S12 and S13) in order to monitor the eventual 

changes of the textural properties, crystallinity and Ni dispersion as well as coke 

deposition under the DRM reaction operating conditions. N2 sorption data (Fig. S7) 

indicated that the shape of the isotherms of the spent sample compared well with those 

of the reduced Ni0
5%@S starting material. After 12 h on stream, the specific surface 

area and the pore volume of the spent sample were found to be preserved (Table S2), 

thus confirming the good stability of the monolith support during the catalytic test. 

Figure 9 

TGA analysis of the spent Ni0
5%@S sample (Fig. S12A) does not reveal the presence 

of carbon deposits, thus indicating, in agreement with the H2/CO molar ratio close to 1 

(Fig. 9B), the limited involvement of secondary reactions. This result also shows that 

the Ni particles did not sinter to a significant extent, in agreement with the absence of 

Ni0 diffraction peak (Fig. S12B) under the DRM reaction operating conditions. It was 

also impossible to conclude on the potential conversion of Ni into nickel carbides too.  

The absence of Ni sintering was verified by TEM and STEM/mapping (Fig. S13), 

which allowed us to conclude that the mean Ni particle size is close to 2.7 nm on the 

spent sample. The fact that this sample was little affected by carbon deposition, as 

indicated by the TGA data (Fig. S12A), is consistent with the presence of the very small 

Ni particles observed by TEM (Fig. S13) as it has been reported that coke deposition 

was favored on large Ni particles [43]. 

Following these preliminary experiments, the catalytic performances of Ni0
5%/S and 

Ni0
5%@S were investigated under a kinetic regime (GHSV = 960 L g-1 h-1, dilution with 

silica) far from the thermodynamic equilibrium of the DRM reaction (Figs. S14 and 10) 

in order to allow a reliable comparison and the determination of the Turn-Over 

Frequency (TOF) values of these catalysts. Regardless of the parameters that could 

affect the TOFs such as (i) the determination mode of the Ni dispersion, (ii) the 

composition of the reacting feed (iii) the reacting temperature used, (iv) the conversion 
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values, (v) the presence of promoters and/or other metals, etc, the values found for our 

catalysts were similar or even superior to those of most of Ni-Silica based ones reported 

for the DRM (between 0 and 2 s-1) [44-45, see also other references in Table S4] even 

if there are still some higher values reported (> 10 s-1) by some groups [1, 7, 14, 46-47, 

see Table S4]. We think, however, that the preparation method described in the present 

work is easy and cost-effective (no bimetallic and promoters) when compared to some 

of the aforementioned studies. 

At 650°C, Ni05%@S was found to be a more active and selective DRM catalyst than 

Ni0
5%/S with CH4 and CO2 conversion values around 48% (and 45% for the 

reproducibility test) instead of c.a. 25% (CH4) and 29% (CO2) (Fig. 10 A) and a H2/CO 

molar ratio close to unity. Moreover, the stability of Ni0
5%/S at 650°C was found to be 

very limited as the CH4 and CO2 conversions decreased drastically to about 0% within 

4 h on stream and the H2/CO molar ratio from about 0.8 to 0 within 10 h (Fig. 10B). 

Figure 10 

These results clearly illustrate the superiority of the Ni catalyst prepared by the one-pot 

method compared to that obtained by post-synthesis impregnation (TS method). Such 

a difference is attributed undoubtedly to the presence of much smaller size sintering- 

and coke-resistant Ni0 particles in Ni@S samples. For confirmation, Ni0
2.5%@S was 

also tested with a GHSV value of 960 L g-1 h-1 at 650°C and, despite a lower Ni loading 

than that of Ni0
5%/S, Ni02.5%@S exhibited similar catalytic performance (Fig. S15) 

while Ni02.5%/S led to very low CH4 and CO2 conversions (not shown). The CH4 and 

CO2 conversions for Ni0
2.5%@S and Ni05%/S were found to be around 30% but 

Ni0
2.5%@S led to a better H2/CO selectivity (much closer to 1). Moreover, Ni0

2.5%@S, 

alike Ni0
5%@S, was shown to be very stable for 12 h on stream (Fig. S16A) maintaining 

a H2/CO molar ratio close to 1 (Fig. S16B). It can also be noticed that the CO2 and CH4 

conversion values with Ni0
5%@S were almost twice as high as those obtained with 

Ni0
2.5%@S (45 and 25%, respectively). Considering i) that the catalyst loading in the 

reactor was maintained to 10 mg in both experiments (Ni0
2.5%@S and Ni05%@S) and ii) 

that Ni0
2.5%@S displayed about half of the Ni content of Ni0

5%@S (Table 1) with a 

slightly greater Ni dispersion (35 compared to 31%, respectively), such observation 

confirms that Ni0
5%@S and Ni0

2.5%@S were operated under a true kinetic regime. This, 

mailto:Ni02.5%25@S
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thus, resulted in close TOF values for both samples (Table 1) without any significant 

evolution after 12 h on the contrary to those of Ni0
5%/S. 

TEM analyses of spent Ni0
5%/S (Fig. S17) were performed in order to understand the 

origin of its strong deactivation in the DRM at 650°C (Fig. 10). Resulting micrographs 

revealed that the porosity and the organization of the support were globally maintained 

after 12 h. However, two types of Ni particles could be detected, i.e. small ones still 

confined in the silica mesoporosity (with a size distribution of about 5-7 nm) and, much 

bigger ones located on the outer surface of the support (with sizes of about 17-22 nm) 

that should have been formed through migration and sintering phenomena. The 

resulting mean Ni0 particle size in spent Ni05%/S was estimated to be 11.8 nm. 

Furthermore, no structured carbon species such as carbon nanotubes could be observed 

on the spent Ni0
5%/S diluted with silica after 12 h on stream but we cannot exclude that 

amorphous carbon is formed. The dilution of the catalysts (10 mg of Ni0
5%/S with 90 

mg of silica) required to test their activity under these conditions and the low contrast 

of carbon in TEM measurements result in no meaningful conclusion as to whether or 

not amorphous carbon is present. Moreover, accurate TGA and XRD analyses of the 

spent Ni0
5%/S could not be carried out too. 

In heterogeneous catalysis, electronic effects related to the supports can occur. Some 

studies have already reported support effects for the Ni-catalyzed dry reforming 

reaction and this is generally proven by active phase reducibility measurements that are 

evaluated by TPR-H2 material analysis [48]. Reduction on SiO2 occurs generally in 

between 300°C and 500°C. Here, in the case of Ni0
5%@S, it occurs at much higher 

temperature in agreement with the presence of nickel oxide clusters that are more 

difficult to reduce [18].   

 

IV. Conclusion 

The existing literature dealing with the use of SBA-15 silica as a support for the 

preparation of nickel-based catalysts for the DRM reaction is flourishing, but when 

restricted to studies not involving metallic or oxide promoters, much less articles 

remain in which nickel is most often introduced by impregnation processes. An 
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example of nickel introduction of nickel into the synthesis gel of a SBA-15 silica 

prepared in citric acid was reported by Q. Liu et al, but the porosity was greatly affected 

and resulting nickel particles were much less dispersed than ours [49]. The aim of this 

work was to design stable and well-dispersed Ni-silica based catalysts using an easy 

preparation method. This objective was achieved through an original sol-gel one-pot 

strategy tested with 2.5 and 5 wt.% of Ni. Calcined solids, thus obtained, are 

characterized by highly dispersed nickel species (small clusters < 1 nm confirmed by 

PDF and TEM) in strong interaction with the support, as emphasized by TPR and XPS 

data, which is not straightforward for such a metal when supported on silica (see 

reference samples prepared by a more conventional impregnation pathway). After 

reduction, well-distributed Ni0 NPs were formed with a mean diameter of about 3 nm, 

which leads to amongst the highest dispersions of Ni (around 30%) reported to date on 

silica. It is noteworthy that this preparation method remains effective while increasing 

the metal loading (e.g. Ni7.5%@S has been synthesized and exhibited comparable results 

to 2.5 and 5 wt.% solids (Ni dispersion: 29%, SBET  500 m2 g-1; see also other data in 

Figure S18)). Better catalytic performances in Dry Reforming of Methane were 

obtained with these materials. The presence of small Ni particles in strong interaction 

with silica led also to a remarkably enhanced stability of the samples prepared by the 

one-pot method with much more limited coke formation and particles aggregation, as 

demonstrated by the XRD, TGA and TEM data obtained on the Ni0
5%@S spent catalyst. 

One can expect differences in CH4 and CO2 adsorptions behavior on Ni0
5%@S and 

Ni0
5%/S as function of nickel particle size as already shown by C. Vogt et al [50] but 

such those investigations would require the use of non-steady-state and steady-state 

isotopic transient experiments combined with in situ DRIFT spectroscopy 

investigations. 
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Figure captions 
 

Figure 1: A: N2 adsorption-desorption isotherms at -196°C and pores size distributions. 

B: Small angles XRD patterns of the calcined samples: S (black), NiII
5%/S (purple) and 

NiII
5%@S (red, sample prepared using the one-pot synthesis). 

 

Figure 2: H2-TPR profiles of the calcined NiII
5%-S samples recorded with a H2 5 

vol.%/Ar flow of 30 mL min-1 and a heating rate of 10°C min-1. 

 

Figure 3: XP Spectra of the calcined NiII
5%@S and NiII

5%/S samples. 

 

Figure 4: TEM images of microtomed NiII
5%/S (A, A’, B) and NiII

5%@S (D, E and F) 

in their calcined state. HR-TEM image and SAED patterns of NiII
5%/S (C). 

 

Figure 5: PDF analysis – A) Simulated G(r) curve (typical signature) for NiO (in blue) 

and Ni0 (in Green) and B) Normalized experimental G(r) of NiII
5%@S (in red) compared 

to normalized G(r) of silica support without nickel (in Blue). Red stars emphasize the 

3 higher intensities at 2.1, 3.1 and 5.3 Å related to NiO structure. 

 

Figure 6: STEM/HAADF and EDX/mapping (with Ni in green, Si in yellow and O in 

purple) acquired with two different magnifications on typical areas of the calcined 

microtomed NiII
5%@S sample. 

 

Figure 7: Typical TEM images of reduced microtomed Ni0
5%/S (A, A’, B) and 

Ni0
5%@S (C, D) samples.  

Figure 8: A) Representative 2D STEM-HAADF image of Ni5%@S sample extracted 

from the tilt series used to calculate the 3D reconstruction of the chosen aggregate, with 

the corresponding STEM Bright Field image in inset. The white contrasted spots in the 

image correspond to gold nanoparticles deposited on the TEM membrane after the 

deposition of the specimen, to be used as fiducial markers for the alignment of the 

images of the tilt series before the reconstruction ; B) Three orthogonal views through 

the volume of the catalyst nanograin obtained by electron tomography ; C) Typical slice 

extracted from the reconstruction corresponding to the area highlighted by a red square 

in A ; D) The corresponding 3D model of the same area. 

Figure 9: CH4 and CO2 conversions, and H2/CO molar ratio in the DRM reaction on 

Ni0
5%@S. A: as a function of temperature and B: as a function of time on steam at 

650°C under a GHSV of 144 L g-1 h-1. 

 

Figure 10: A: CH4 and CO2 conversions, and B: H2/CO molar ratio in the DRM 

reaction on Ni0
5%/S (Purple) and Ni0

5%@S (red) at 650°C during 12 h on steam under 

a GHSV of 960 L g-1 h-1. 
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List of tables 
 
 
 
 
 

Table 1: Physicochemical properties of the calcined Ni-SBA-15 monolith samples. 

Samples 

Calcined  Reduced 

Ni a 

(wt. %) 

SBET 

(m2 g-1) 

V Des 
b 

(cm3 g-1) 

D pores 
c 

(nm) 

NiO size d 

(nm) 

 Ni0 size e 

(nm) 

Support S --- 574 0.81 5.4 -  - 

NiII

2.5%
/S 1.7 519 0.77 5.4 5.3  - 

NiII

5%
/S 6.8 507 0.75 5.4 5.4  8.0 

NiII

2.5%
@S 2.0 570 0.65 4.2 n.d.f  - 

NiII

5%
@S 4.5 562 0.55 4.0 n.d.f  2.1 

a Estimated from the H2 consumptions during the TPR measurements (good agreement between the 

Ni contents determined by H2-TPR (4.5 wt.%) and by ICP-EOS analysis (4.2 wt.%) for NiII
5%@S); b 

Estimated from BJH on the desorption branch; c Deduced from the BJH desorption pore size 

distribution; d and e From TEM images after measuring about 400 particles; f not detected. 
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Table 2: H2 chemisorption data recorded at 25°C after reduction under H2 at 650°C for 2 h and 

evacuation at 620°C for 1 h, Ni dispersion and TOF in the DRM reaction. 

Materials 

Amount of H2 

chemisorbed 

(cm3 g-1) 

Ni dispersion 

(%) 

Ni particle 

diameter a 

(nm) 

TOF b 

(s-1)  

initial 

TOF b 

(s-1) 

After 12 h  

on stream 

Ni0

5%
/S 1.04 8.0 12.6 1.7 ~ 0 

Ni0

5%
@S 2.66 31.0   3.3 1.2 1.1 

Ni0

2.5%
@S 1.35 35.0   2.9 1.4 1.2 

a From H2 chemisorption; b CH4 TOF at 650 °C (see Supporting information section). 
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Figure S1: Temperature program used for the removal of the organic surfactant (Pluronic P123) 

during the calcination treatment. 

 
Figure S2: N2 adsorption-desorption isotherms at -196 °C and pores size distributions of the 
calcined samples: S (black), NiII2.5%/S (green) and NiII2.5%@S (blue, prepared using the one-pot 
strategy). 

 

 

Figure S3: Wide angles XRD patterns of calcined NiII5%/S, NiII5%@S and of the support, S. The wide 
peak between 2 = 15-30° is attributed to diffusion effects by the amorphous silica walls, whereas 
the wide peak at 42° in the S sample is attributed to the contribution of the PMMA sample holder. 
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Figure S4: Wide angles XRD patterns of calcined NiII2.5%-S samples. The wide peak between 2°= 
15-30° is attributed to diffusion effects by the amorphous silica walls. 

Figure S4 showed five intense diffraction peaks at 2° = 37.2, 43.3, 62.9, 75.4 and 
77° for NiII2.5%/S (particles around 6 nm), whereas its counterpart prepared by the 
one-pot method (NiII2.5%@S) did not show any diffraction peak.  

 

 

 

 

 

 
Figure S5: H2-TPR profiles of the calcined NiII2.5%-S samples recorded with a H2 5 vol.%/Ar flow of 
30 mL min-1 and a heating rate of 10°C min-1. 
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Table S1: Comparison of the Nickel reducibility behavior for relevant Ni-SiO2 based catalysts (no 
phyllosilicates and promoters) 

Preparation 
method 

Solids 
type 

Comments 
H2-TPR 

Conditions Ref. 

One-Pot 

 
5 wt. % Ni 
on SBA-15 
Monoliths 

- One main peak at 650C with reduction up to 
800C 

(5 vol% H2/Ar) 
Flow: 25 mL 

min-1 
Ramping rate 

10°C min-1 

This 
work 

15 wt. % on 
SBA-15 

- One main peak at 350C (very low probably due to 
large particles size (17 nm)). 
- The reduction continues up to 650C (low quantity). 

Not mentioned [1] 

Impregnation 

5 to 10 wt.% 
of nickel on 

SBA-15, 
SBA-16 or 

mesoporous 
SiO2 

- Whatever the impregnation method, two reduction 
peaks were obtained: 
- First one around 300-450C and a second one 
between 500-650C. 
- some exceptions could be observed when the 
impregnation was promoted with oleylamine (OAm) 
and/or oleic 
acid [5] 
- By far, no Ni reduction at higher temperature than 
750-800C could be identified. 

(5 vol% H2/Ar 
or N2) 

Flow between 
20 to 60 mL 

min-1 
Ramping rate 

10°C min-1 

[2-
5] 

Core-shell 
(encapsulation) 

5 wt.% 
Nickel 

in 
microporous 
Silica giving 
cores@Shell 

structure 
 

-Encapsulated Ni particles within porous SiO2 (M-
Ni@SiO2 in black) showed two reduction peaks as 
well. 
- The second peak has shown high reduction 
temperatures (around 750°C) 

Not mentionned [6] 

Pre-controlled 
Colloidal 
particles 

0.16 to 0.32 
wt.% Ni 
colloids 

(different 
sizes) on 

silica 
spheres 

 

One reduction peak perhaps due to the homogeneity of 
the particles size. It’s noteworthy that the higher 
reduction temperature corresponds to the smaller 
particles (peak at 420C) 

(5 vol% H2/Ar) 
Ramping rate of 

10°C min 
[7] 

 

According to Table S1, our one-pot preparation method leads to one of the highest 
metal support interactions obtained in the absence of promoters or for methods 
which does not involve phyllosilicates as well as to a particles size control (one 
main reduction peak). 
 



  44 

 
Figure S6: TEM images of microtomed NiII

2.5%/S (A, B) and NiII2.5%@S (D and E) in their calcined 

state. HR-TEM image and SEAD patterns of NiII
2.5%/S (C). 

 
 

 NiII
2.5%/S and NiII

2.5%@S exhibited hexagonal mesoporosity (Fig. S6 A, B, D 

and E). 

 In the case of NiII
2.5%/S: 

o Heterogeneously dispersed NiO particles were clearly observed 

o SAED patterns showed five rings which indicates the presence of 

polycrystalline NiO nanoparticles. 

 In the case of NiII
2.5%@S, no NiO particle were observed. 

mailto:NiII2.5%25@S
mailto:NiII2.5%25@S
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Figure S7: N2 sorption isotherms at -196°C and pores size distributions of selected reduced and 

spent Ni/S and Ni@S (with 5 wt. % Ni) samples. 

 
 
 

Table S2: Physicochemical properties of the reduced and spent materials. 

Materials 
SBET 

(m2 g-1) 

VPoresa 

(cm3 g-1) 

Db 

(nm) 

Ni0 size c 

(nm) 

NiII

5%
@S Calcined 562 0.55 4.0 - 

Ni0

5%
@S Reduced 421 0.53 4.0 2.1 

Ni0

5%
@S Spent 458 0.53 4.0 2.7 

NiII
5%/S Calcined 507 0.75 5.4 - 

Ni0
5%/S Reduced 422 0.72 5.4 8.0 

a From BJH desorption; b Average pore diameters deduced from the BJH method applied to the desorption 

isotherms; c Estimated from TEM images after measuring around 400 particles. 

 
 
 

 
Figure S8: Wide angles XRD diffraction patterns of the Ni05%-S samples (reduced at 650°C for 2 h 
under a flow of 30 mL min-1 of 5 vol.% H2/Ar). The wide peak between 2= 15-30° is assigned to 
the diffusion effects by the amorphous silica walls. 
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Figure S9: Wide angle XRD diffraction patterns of the Ni02.5%-S samples (reduced at 650°C for 2 h 
under a flow of 30 mL min-1of 5 vol.% H2/Ar). The wide peak between 2= 15–30° is due to diffusion 
effects by the amorphous silica walls. 

 
 
 
 
 
 
 
 
 

 

Figure S10: PDF analysis: Normalized experimental G(r) of reduced Ni5%@S (in red) compared 

to normalized S G(r) without nickel (in blue). 
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Figure S11: A) 2D STEM-HAADF image, at 0° tilt, of a second typical grain of Ni5%@S sample 
chosen for the tomography analysis; this image is extracted from the tilt series used to calculate 
the 3D reconstruction. The white contrasted spots in the image correspond to gold nanoparticles 
deposited on the TEM membrane after the deposition of the specimen, to be used as fiducial 
markers for the alignment of the images of the tilt series before the reconstruction. The 
corresponding orthogonal views of the calculated reconstruction is shown in inset. B, C and D) 
Three typical slices extracted from the reconstruction, at different depths, showing the presence of 
Ni NPs in the whole volume of the mesoporous silica grain and their very good dispersion. 

 
Table S3: Ni dispersion on siliceous supports for catalysts used in the DRM reaction reported in 

earlier works. 

Ref Authors 
Ni 

(wt.%) 

Dispersion 

(D, %) 
Support 

Method for D% 

calculation 
Refa  

[8] Qian et al. 0.5 40.3 KIT H2 chemisorption - 

[9] Gao et al. 5.0 27.1 Mesoporous 

SiO2 

N2O pulse 

titration 

- 

[5] Gao et al. 5.0 21.0 Mesoporous 

SiO2 

H2 chemisorption - 

[10] Taherian et 

al. 

10.0 13.8 SBA-15 TEM - 

[11] Wang et al. 5.0-12.0 11.4 SiO2 

nanocapsule 

H2 chemisorption - 

[2] Galvez et al. 8.0 8.7 SBA-15 H2 chemisorption [31] 

[12] Wang et al. 4.0-8.0 6.8 HMS CO chemisorption - 



  48 

[13] Li et al. 25.0 3.7 SiO2 nanotubes H2 chemisorption - 

[14] Li et al. 10.0 2.0 SBA-15 H2 chemisorption - 

[15] Yan et al. 5.0 12 SiO2-CeO2 CO chemisorption [38] 

[16] Cao et al. 5.3 9.7 Ni/BN@mSiO2 H2 chemisorption - 
a Reference number in the manuscript. 

 
 

 

Figure S12: A: TGA profile and B: XRD pattern of the spent Ni05%@S. (The wide peak at 15 < 
230° in B can be assigned to X-Ray diffusion by the amorphous silica walls). 
 
 
 
 
 
 
 

 

Figure S13: A and B: TEM images, STEM/HAADF and EDX/mapping (Ni in Green, Si in yellow and 
O in purple) acquired on typical areas of microtomed spent Ni05%@S (GHSV = 144 L g-1 h-1). 
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Figure S14: A: CH4 and CO2 conversions, and B: H2/CO molar ratio in the DRM reaction on Ni05%/S 
(purple) and Ni05%@S (red) at 650°C as a function of time on stream under a GHSV of 960 L g-1 h-1. 
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Table S4: Detailed experimental parameters of selected studies using Nickel onto silica. 

Ref 
Catalyst 

description 

TOF a 

(s-1) 

T b 

(°C) 

GHSV 

(L g-1 h-1) 

Ni 

(wt.%

) 

DNi c 

(%) 
Method Feed 

CH4 d 

(%) 
Ref e 

[7] 
Ni0 colloids prepared in organic medium deposited onto SiO2 

spheres 
61.7 800 12 0.21 n.a. 

CO 
chemisorption 

CH4, CO2, and N2    
 9, 9, and 2 mL min-

1 
39 [7] 

[17] Core-shell Ni@SiO2 33.4 750 48 29 n.a. 
CO 

chemisorption 
CO2:CH4 = 1:1     

20 mL STP min-1 
57 [47] 

[18] Multi-Ni@Ni phyllosilicate hollow sphere 12.0 700 1880 40 2 
H2 

chemisorption 
CO2:CH4:He = 1:1:1 

314 mL min-1 
16 [46] 

[19] NiCe@mesoporous SiO2 core-shell 6.2 500 108 10 3 
H2 

chemisorption 
CO2:CH4 = 1:1     
45 mL min-1  

n.a. [1] 

[5] Ni/SiO2 prepared by impregnation assisted with oleylamine 2.8 700 1440 5 21 
H2 

chemisorption 
CO2:CH4:N2 = 1:1:1 

240 mL min-1 
8 - 

[20] Ni-3La2O3/SiO2 1.9 700 1440 17.5 n.a. XRD CO2:CH4 = 1:1 10 [44] 

[21] Ni-carbon composites on silica 1.3 550 24 9 n.a. 
CO 

chemisorption 
CO2:CH4 = 1:1     
40 mL min-1 

10 - 

[22] Ni nanoparticles in cerium-modified silica aerogels 0.6 500 12 5 10 
H2 

chemisorption 
CO2:CH4 = 1:1     
45 mL min-1  

n.a. - 

[23] Ni confined in SiO2 nanofiber (electrospinning) 0.4 700 48 10 12 TEM 
CO2:CH4:Ar = 1:1:2 

80 mL min-1 
60 - 

[24] Ni nanoparticles immobilized on Ce-modified mesoporous silica 0.1 450 18 10 10 
H2 

chemisorption 
CO2:CH4 = 1:1     
15 mL min-1  

n.a. - 

[25] NiCo@SiO2 core-shell 0.1 800 600 10 15 
CO 

chemisorption 
CO2:CH4:N2 = 1:1:1 87 [45] 

[26] Ni in silica nanocapsules 9.6 700 3600 12.3 14.4 
H2 

chemisorption 
CO2:CH4 = 1:1 n.a.  [14] 

a Initial (when mentioned) TOF value of the best catalyst; b Temperature used when TOFs were calculated; c Nickel dispersion; d CH4 conversion for TOF calculation; e Reference number 
in the manuscript; n.a. not available. 
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Figure S15: A) CH4 and CO2 conversions and B) H2/CO molar ratio in the DRM reaction on 
Ni02.5%@S as a function of temperature (GHSV of 960 L g-1 h-1). 

 
 
 

 
A B 

Figure S16: A) CH4 and CO2 conversions and B)H2/CO molar ratio reaction on Ni02.5%@S at 650°C 
for 12 h on stream under a GHSV of 960 L g-1 h-1. 

 
 
 
TOF calculation in the manuscript 
 

TOF (s-1) =( 
0.48

𝑉𝑚
 ∗ 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 %

𝑁𝑖 𝑤𝑡.  % ∗ 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑤𝑡.

59
 ∗ 𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 %

 ) / 3600 

 
Pure CH4 flow = 0.48 L h-1 
 
Vm (molar volume) = 22.4 L mol-1 
 
MNi = 59 g mol-1 
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Figure S17: A and B: Representative TEM images taken on some typical areas of spent Ni05%/S. 

 
 

 
Figure S18: Summary of relevant results of Ni7.5%@S vs. Ni7.5%/S including TEM images, Ni 
reducibility (H2-TPR) as well as XRD patterns revealing the effectiveness of the one-pot preparation 
method while increasing the metal loading. 
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