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Abstract: 

High surface area and porosity SBA-16 was synthesized and used as support for Ni nanoparticles 

using three methods including wet impregnation, citric acid-assisted impregnation, and ammonia 

evaporation. All the studied samples showed high activity in the CO2 reforming of methane 

reaction, however, the best catalytic behavior was found for the catalyst derived from ammonia 

evaporation. Based on characterization techniques, it was assumed that the improvement in 

Ni/SBA-16-AE performance was due to the strong metal-support interaction resulting from the 

formation of Ni-phyllosilicate. Additionally, a high Ni dispersion was observed which may be 

related to the confinement of cage-like pores of the SBA-16 matrix. The ammonia evaporation 

technique can well contribute to the limited sintering of Ni nanoparticles and reduced amount of 

deposited carbon. 
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1. Introduction 

CO2 emissions from anthropogenic sources such as combustion of fossil fuels and factory 

emissions have caused significant environmental issues and especially global warming [1]. In the 

past decades, the CO2 capture, storage or utilization have been considered in order to reduce CO2 

emissions and convert CO2 to useful resources [2–4]. CO2 chemical conversion routes provide 

possibilities to convert CO2 to fuels or value-added chemicals, showing potential to achieve a 

carbon neutral society [5–7]. CO2 reforming of methane (CRM) (CH4 + CO2 = 2CO + 2H2) can 

not only help to reduce the emissions of greenhouse gases (CO2 and methane) but also produce 

syngas with appropriate H2/CO ratio (1/1), which can be used to synthesize high-value fuels and 

chemicals by Fischer-Tropsch synthesis or other reactions [8–11]. In particular, supported nickel 

materials have been considered as appropriate catalysts for the reaction due to their high activity, 

selectivity, and low cost [9]. However, most of the Ni-based catalysts encounter the problem of 

low stability caused by the sintering of the active metal and by carbon deposition [12]. In the last 

years, many efforts have been devoted to develop catalysts with high activity and low carbon 

deposition [13–19].  Ni nanoparticles with small particle size was proved to alleviate the carbon 

deposition due to high saturation concentration of carbonaceous species on the small particles 

[20,21]. To obtain Ni catalysts with small Ni particle size, materials with high surface area and 

porosity such as mesoporous silica and alumina were developed [9,22–25]. Meanwhile, the 

strong metal-support interaction (MSI) can limit the sintering of Ni particles at high reaction 

temperature, which consequently improves the stability of Ni catalysts [26,27]. In the last years, 
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three-dimensional ordered mesoporous materials like SBA-16 have been used to prepare Ni 

catalysts for CO2 reforming of methane due to their high surface area and porosity [9,28,29]. 

Such reported Ni/SBA-16 catalysts doped by cerium showed high activity and stability in the 

CRM reaction [9,29].  

The objective of this study was to synthetize Ni-based SBA-16 with high surface area, high 

porosity, containing small Ni° particle size with strong MSI. Thus, three synthesis strategies 

were adopted. Citric acid and ammonia were used to obtain strong MSI on Ni catalysts in which 

the phyllosilicate structure from the ammonia evaporation method showed the strongest MSI 

[30,31]. Accordingly, for the first time Ni phyllosilicates SBA-16 and citric acid derived 

Ni/SBA-16 catalysts were used in dry (CO2) reforming of methane. The catalysts were 

investigated for various synthesis strategies and tested for their reducibility, metal-support 

interaction, and catalytic performance.  

 

2. Experimental 

2.1 Materials Synthesis and Characterization 

Ni/SBA-16 catalysts were prepared by using three synthesis strategies: i.e., wet impregnation 

(WI), citric acid-assisted wet impregnation (CA), and ammonia evaporation (AE). The as-

prepared materials were labelled as Ni/SBA-16-WI, Ni/SBA-16-CA, and Ni/SBA-16-AE, 

respectively. The details of the catalysts synthesis are given in Supporting Information (SI). 

N2 adsorption measurement was conducted on a Belsorp Mini II apparatus (BEL Japan Inc.) with 

the detailed process described in our previous study [32]. The small-angle X-ray scattering 

(SAXS) was obtained from 0.5 to 5.0° with a 2θ step size of 0.01° on a Bruker D8 using Cu Kα 

radiation (λ=1.5406Å). The wide-angle X-ray diffraction (XRD) was performed on a 
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diffractometer (PANalytical-Empyrean) equipped with a Cu Kα radiation source (λ = 0.15406 

nm, 40 kV, 40 mA). The signal was recorded at 10-90° with a 2θ step size of 0.02°. The H2-TPR 

and CO2-TPD experiments were conducted on an BELCAT-M apparatus (BEL Japan Inc.) 

equipped with a TCD with details given in our previous publication [33]. TGA was performed on 

the catalysts after activity tests on a Q5000 IR apparatus [34]. Transition Electronic Microscopy 

(TEM), HRTEM, and EDS experiments were performed on a JEM-2010 UHR (JEOL, Tokyo, 

Japan) apparatus for the reduced and spent catalysts [33]. 

2.2 CRM activity and stability catalytic tests 

The CO2 reforming of methane (CRM) activity and stability tests were conducted in a fixed-bed 

U-shaped reactor at 700-750℃ under atmospheric pressure using a K-type thermocouple for 

monitoring the temperature. Before testing, 0.25 mL of sample was reduced at 800℃ in a 

mixture of 5%H2/Ar for 1 h. The reaction gas mixture was CO2/CH4/Ar=30/30/40 (100 mL/min) 

with gas hourly space velocity (GHSV) of 24,000 h-1. The reaction was kept at each temperature 

for 1 h in order to reach steady-state, with outlet gases analyzed by a micro-GC (490 Varian 

Micro-GC). To study the stability of the catalysts, the reaction was kept at 700℃ for 10 h. The 

conversion, reaction rate, and H2/CO ratio were calculated by equations (4, 5, 6, 7.1 and 7.2) as 

shown in the Supporting Information (SI). 

 

3. Results and discussion 

3.1 Textural, structural, and morphology of materials  

The textural properties of the materials obtained from N2 isotherms and pore size distribution 

curves are displayed in Fig.1. The specific surface area (SSA), pore volume (Vp), and mean pore 

size (Dp) are also presented in Table 1. As reported in Fig.1a, all studied materials show a type-
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IV isotherm according to IUPAC classification accompanied by a H2 hysteresis loop at relative 

pressure (p/p0) of 0.40-0.72, indicating the ink-bottle pores with structure of SBA-16 [9,35]. The 

Ni/SBA-16-AE catalyst showed a type-IV isotherm with a H2 hysteresis loop at a wide relative 

pressure range of 0.5-0.95. Compared to Ni/SBA-16-WI and Ni/SBA-16-CA, the inflection point 

of Ni/SBA-16-AE shifted to higher p/p0, indicating larger mesopores and broader pore size 

distribution [31,36]. This is in line with the results of BJH pore size distribution (Fig.1b). As 

shown in Fig.1b, SBA-16, Ni/SBA-16-WI and Ni/SBA-16-CA show primary mesopores at 3.1-

3.6 nm. However, the Ni/SBA-16-AE catalyst also showed a broader pore size distribution at 

2.5-15 nm with two primary mesopores with diameter of 4.0 and 10.7 nm.  

As listed in Table 1, the as-synthesized SBA-16 presented a very high specific surface area 

(SSA) which is even higher than those reported in literature [9,35]. After the addition of nickel, 

the SSA and pore volume (Vp) of all Ni/SBA-16 catalysts decreased in contrast to the bare SBA-

16 support. This can be assigned to the deposition of Ni species on the surface and pores of the 

support [9]. Among all the studied catalysts, the highest decrease in SSA was observed on 

Ni/SBA-16-AE. Previous studies [31,37] have shown that the dissolution or digestion of silica is 

unavoidable in the alkaline condition. In the current study, we used ammonia as precipitation 

reagent which provides very strong alkaline conditions and can explain the high decrease of SSA 

in the AE sample. Also, Ni/SBA-16-AE exhibited a broader average pore diameter distribution 

(Dp), which was caused by the collapse of small pores and the partial collapse of mesopores 

during the preparation process [31,38].  
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Figure. 1. N2 adsorption-desorption isotherms (a) and pore size distribution curves (b) calculated by the BJH 
method for desorption branch of calcined samples. 

Small-angle X-ray scattering was used to analyze the structural information of the SBA-16 

material. The support showed a strong diffraction peak at 2θ=0.88o and two small peaks located 

at 2θ=1.42 and 1.57o, respectively (Fig. S1). These peaks can be assigned to the (110), (200), and 

(211) planes of SBA-16. This later result indicates the existence of ordered mesoporous SBA-16 

with body-centered cubic symmetry (Im3m) [9,35].    

 

Table 1 Physicochemical properties of the SBA-16 support and the Ni/SBA-16 catalysts (calcined and 
reduced). 

Catalyst SSA a 

(m2/g) 

Vp 

b(cm3/g) 

Dp 

(nm) b 

dNiO 

(nm) c 

dNi 

 (nm) c 

dNi 

(nm) 

from 

TEM 

DNi 

(%)d 

calcined reduced from 

TEM 

SBA-16 1011 0.87 3.1 - - - - 

Ni/SBA-16-WI 675 0.63 3.1 8 5 9 10.0 

Ni/SBA-16-CA 693 0.57 3.5 9 4 8 12.1 

Ni/SBA-16-AE 301 0.69 4.0 - 3 6 16.4 

a Calculated by BET method.  
b Calculated by BJH method. 
c Calculated from Scherrer equation [33].  
d Calculated by equation 3 (Supporting Information). 
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The structural evolution of catalysts after calcination and reduction was investigated by XRD 

(Fig.2). One can note that on calcined materials the diffraction peaks at 2θ=37.0, 43.1, and 62.8o 

correspond to the presence of (111), (200), and (220) planes of the NiO phase, respectively 

[31,39,40] (Fig.2a). For Ni/SBA-16-AE, the diffraction peaks of NiO species are negligible, 

indicating a high dispersion of Ni species over the support. Only for Ni/SBA-16-AE, three new 

peaks located at 2θ=34.2, 36.4, and 60.8° are corresponding to the diffraction planes (200), 

(211), and (060) of Ni phyllosilicate are identified [31,41]. In Fig.2b, for the reduced materials, 

only the diffraction peaks corresponding to metallic Ni were detected. These peaks centered at 

2θ=44.7, 51.9, and 76.5 correspond to the (111), (200) and (220) planes of metallic Ni, 

respectively [32–34].  

  

Figure. 2. XRD patterns of the samples after calcination (a) and reduction (b).  

 

The crystallite size of both NiO and Ni0 is presented in Table 1. It shows that crystallite sizes of 

Ni0 are almost similar for all catalysts, indicating that for each type of synthesis method the Ni 

species are highly dispersed on SBA-16. One can also note that compared to the crystallite size 

of NiO on calcined samples, the crystallite size of Ni0 decreases for Ni/SBA-16-WI and Ni/SBA-

16-CA. This can be attributed to a redistribution of Ni particles occurring during the reduction 
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process. Indeed, during the reduction it appears that the metallic nickel crystallites (Ni0 fcc) after 

reduction are reduced in size by approximately 0.44-0.65 compared to the initial phase (NiO 

fcc). The crystallite size is expected to decrease due to loss of oxygen according to the literature 

[42,43]. Nickel (fcc) has a unit cell with edge length a = 2.479 Å and number of formula units 

Z = 4 [44]. Thus the volume of this cubic cell will be Vunitcell = 10,772 Å3 and the volume per 

nickel atom is V/(number of Ni atoms in the unit cell) = 2.69 Å3/Ni atom. Equally the NiO fcc 

structure has edge length of a = 2.983Å and number of formula units Z=4, while it contains one 

atom of nickel in the formula [42]. The volume of the cubic cell will be V = 37.485Å3 and the 

volume normalized per nickel atom in NiO gives 18.74 Å3/Ni atom. By introducing the 

assumption of spherical nickel crystallites, the equation Vsphere = π d3/6, corresponding to the 

volume of a sphere, can be applied for both crystals. Solving the equation with respect to 

crystallite diameters gives d(Nifcc) = 0.52 d(NiO) which is in good agreement with the values 

presented in Table 1. 

In order to deeply study the morphology and the particle size of Ni nanoparticles, TEM was 

performed on the reduced samples. As reported in Fig. 3, the presence of ordered cubic cage-like 

mesoporous structure was identified for all catalysts and was confirmed by the XRD results. For 

Ni/SBA-16-AE, a partial destruction of mesopores and filamentous morphology can be detected. 

The latter result clearly indicates the presence of phyllosilicate phases and a partial dissolution of 

SBA-16 which occurred during ammonia evaporation [31]. From Fig. 3, one can see that the 

smallest average Ni particle size of ca. 5-6 nm is obtained for Ni/SBA-16-AE. From the mean 

particle sizes presented in Table 1, one can also observe that the largest mean particle size of Ni 

is obtained on the Ni/SBA-16-WI sample. HRTEM was performed and confirmed the presence 

of particles circular in shape with d-spacing of 2.00 Å which can be assigned to the (111) plane 
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of metallic nickel (Fig. 3). For all studied catalysts the Ni° dispersion (DNi) was calculated 

according to method proposed by Bergeret et al.[45]. The results are listed in Table 1, showing 

10.0%, 12.1% and 16.4% of Ni dispersion, respectively for Ni/SBA-16-WI, Ni/SBA-16-CA and 

Ni/SBA-16-AE. Higher DNi was obtained on Ni/SBA-16-CA and Ni/SBA-16-AE, indicating that 

the CA and AE synthesis methods can improve the Ni dispersion on the SBA-16 matrix. This is 

in good agreement with the results presented in the study of Hongmanorom et al. [31]. Finally, 

Ni/SBA-16-AE showed the highest Ni dispersion which is confirmed by the XRD results 

described above.  

3.2 Reducibility of Ni/SBA-16 catalysts  

The reducibility of the catalysts was investigated by H2-TPR. The Ni/SBA-16-WI catalyst 

showed four reduction peaks (α, β, γ, and θ) located at 348, 452, 627, and 712℃, respectively. 

These peaks correspond to the reduction of NiO species with different Ni-support interaction 

(Fig.4, Table 2).  
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Figure. 3. TEM and HRTEM micrographs and nickel particle size distribution of the reduced catalysts: a) Ni/SBA-
16-WI, b) Ni/SBA-16-CA, c) Ni/SBA-16-AE. 

 

The small α peak corresponds to the surface or bulk NiO species in weak interaction with the 

support. The β peak can be assigned to the NiO intermediately interacting with the support 

possibly due to the formation of dispersed Ni hydrosilicate as reported elsewhere [9,46]. 

Furthermore, the peaks γ and θ are attributed to the NiO strongly interacting with the support or 

tiny NiO nanoparticles within the mesoporous channels [31,47,48]. For Ni/SBA-16-CA, the H2 

consumption γ peak (Table 2) corresponds to the reduction of NiO in strong interaction with the 

support and may be caused by the addition of citric acid during the synthesis. It is worth to note 

that for Ni/SBA-16-AE, all the reduction peaks shifted to higher temperatures.  

 

Table 2 Reduction peak positions and H2 consumption calculations from H2-TPR 
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Catalyst Temperature (℃) H2 consumption (mmol/gcat) Total 
(mmol/gcat) 

α β γ θ δ α β γ θ δ 

Ni/SBA-16-WI 348 452 627 712 - 0.07 0.80 0.67 0.21 - 1.75 

Ni/SBA-16-CA 305 486 598 721 - 0.10 0.42 1.07 0.16 - 1.75 

Ni/SBA-16-AE 506 705 799 850 881 0.06 0.71 0.56 0.30 0.14 1.76 

The same reduction behavior has been already reported in literature for Ni/SBA-15 catalysts 

prepared by the AE method. This was clearly attributed to the formation of Ni phyllosilicate 

[31]. The small α peak of Ni/SBA-16-AE is commonly attributed to the NiO species interacting 

with the support without the formation of phyllosilicate [31]. The other reduction peaks can be 

attributed to the reduction of Ni phyllosilicate, which was made up of octahedral sheets with the 

central Ni2+ cation coordinated with six anions (O or OH) and connected to adjacent octahedrons 

by sharing edges as confirmed elsewhere [31]. The formation of strong Ni-O-Si bonds makes the 

reduction of NiO more difficult. Thus, from the presented results, the Ni-support interaction 

strength of the catalysts presents the following ranking: AE>CA>WI.  

  

Figure. 4. (a) H2-TPR profiles of calcined samples. (b) CO2 desorption profiles for reduced catalysts. 

 
3.3 Basicity of Ni/SBA-16 catalysts 
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The basicity of catalysts was studied by CO2-TPD experiment. For all catalysts, the desorption 

curves can be fitted to three peaks (Fig. 4b). The desorption peak at a temperature lower than 

200℃ can be attributed to the weak basic sites, related to bicarbonate species formed by the 

interaction between CO2 and surface OH groups on the SBA-16 [49,50]. The peak at 200-400℃ 

is generally assigned to moderate basic sites, while the peak centered at a temperature higher 

than 500℃ corresponds to the strong basic sites [31,48]. 

 

 

Table 3 Basic sites distribution of catalysts from CO2-TPD 

Catalyst Basic sites distribution (µmol/gcat) Total basicity (µmol/gcat) 

weak moderate strong 

Ni/SBA-16-WI 17.8 26.7 8.3 52.8 

Ni/SBA-16-CA 12.8 27.1 15.0 54.8 

Ni/SBA-16-AE 12.7 31.4 11.1 55.2 

The distribution of basic sites (Table 3) showed that the Ni/SBA-16 catalysts prepared by 

different methods have similar total basicity with slightly higher amount medium basic sites for 

Ni/SBA-16-CA and Ni/SBA-16-AE. 

 

3.4 Catalytic activity and stability in CO2 reforming of methane  

3.4.1. Catalytic activity and stability at 700°C  

The synthetized Ni/SBA-16 catalysts were studied in the CRM reaction at 700°C for 10h, 

followed by 1h run at 750°C. The results corresponding to catalytic performance of catalysts at 

700°C are summarized in Table 4 and Fig.5. One can note that rankings in CO2 and CH4 

conversions at 700℃ and the H2/CO ratio are as follows: AE>WI>CA. By calculating the 

reaction rate of CO2 and CH4 (rCO2, rCH4), it is found that the rCO2 or rCH4 follows the order: 
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AE>CA>WI, which means that the Ni/SBA-16 catalysts from CA and AE synthesis methods 

have higher space time conversion rates compared to the WI catalyst. 

Table 4 Catalytic performance of catalysts at 700°C after 1h run 

700°C for 1h CO2 conversion 

(%)  

CH4 conversion 

(%)  

H2/CO 

ratio  

Reaction rate at 700℃ 

(mmol/gcat·s) 

rCO2 rCH4 

Ni/SBA-16-WI 73.1 62.8 0.82 0.19 0.16 

Ni/SBA-16-CA 57.1 48.0 0.76 0.23 0.19 

Ni/SBA-16-AE 87.3 82.3 0.88 0.32 0.29 

From TEM measurements, one can note that the Ni nanoparticle size on AE and CA samples are 

smaller than for WI. The Ni dispersion followed an order: AE>CA>WI. Meanwhile, the H2-TPR 

demonstrated that the Ni-support interaction of the catalysts also followed the order: 

AE>CA>WI. Thus, we can assume that the Ni dispersion and Ni-support interaction have 

significant effects on the performance of Ni/SBA-16 catalysts in the CRM reaction. The 

improved Ni dispersion and Ni-support interaction by CA and AE methods leads to increased 

reaction rates of CO2 and CH4. 

   

Figure. 5. Stability results for Ni/SBA-16 catalysts at 700 °C for 10 h; (a) rate of CO2 consumption, (b) rate of CH4 

consumption, and (c) H2/CO molar ratio versus time-on-stream (TOS) in CRM (CO2/CH4/Ar=30/30/40, 
GHSV=24,000 h-1).  

From Fig.5, one can note that the Ni/SBA-16-AE catalyst shows higher reaction rate regarding 

CO2 and CH4 with the higher H2/CO molar ratio during the TOS test. After 10 h of TOS, a 

distinct loss in reaction rate for Ni/SBA-16-WI is observed already after 1 h regarding the CO2 
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reaction rate (from 0.19 to 0.18) and CH4 conversion (from 0.16 to 0.14). After this first hour of 

run, the activity of the catalyst tends to slightly decrease. Compared to Ni/SBA-16-WI, the 

addition of citric acid leads to an improvement of the stability of the Ni/SBA-16-CA catalyst in 

the TOS evaluation. A slight increase of CO2 and CH4 reaction rates, as well as H2/CO ratio after 

10 h of test can be seen from Fig.6, which was attributed to promoted Ni-support interaction and 

Ni distribution. On Ni/SBA-16-AE, similar decreasing trends of reaction rates and H2/CO ratio 

were found after the first hour test. However, after this first hour decrease, the reaction rates 

reached a steady-state. This behavior in reaction rates as a function of TOS can be caused by a 

redistribution of Ni metal particles at high temperatures, as observed by XRD, and as already 

reported in the literature [51,52]. Thus, after 10h runs at 750°C, the Ni° particle size calculated 

from XRD are 5, 5 and 3 nm for Ni/SBA-16-WI, Ni/SBA-16-CA and Ni/SBA-16-AE 

respectively. These values are similar to the ones obtained prior to the CRM in which dNi° values 

were 5, 4 and 3 nm, respectively. No sintering was observed which confirms a certain initial 

stability of the studied catalysts. 

To compare the studied catalysts to other supported Ni-based catalysts in CRM at 700°C, Table 

S1 was presented. One can clearly see that the Ni/SBA-16-AE catalyst led to higher activity than 

many other catalysts containing noble metals or more expensive supports. The high conversions 

and reaction rates of Ni/SBA-16-AE catalyst are then attributed in our study to the highly 

dispersed Ni particles and the strong Ni-support interaction.  

3.4.2. Subsequent catalytic activity at 750°C and post run analyses of the catalysts  

After the 10h run at 700°C, the temperature was increased up to 750°C, and the catalytic 

performance of the catalysts was measured (Table 5). Also, subsequent characterizations by 

XRD, TEM and TGA were performed. As expected, it can be observed that the reaction rates 
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and H2/CO ratio of the catalysts increase when increasing the temperature from 700 to 750°C 

(Table 5).  

Table 5 Catalytic performance of catalysts at 750°C after 1h run 
750°C for 1h run CO2 conversion 

(%)  
CH4 conversion 

(%)  
H2/CO ratio  Reaction rate at 750℃ 

(mmol/gcat·s) 
rCO2 rCH4 

Ni/SBA-16-WI 90.8 85.3 0.89 0.24 0.22 

Ni/SBA-16-CA 66.7 57.6 0.80 0.27 0.23 

Ni/SBA-16-AE 92.7 88.6 0.89 0.34 0.31 

 

Thus, at 750°C, for the best catalyst (Ni/SBA-16-AE) the CO2 and CH4 reaction rate are 0.34 and 

0.31 mmol·gcat
-1·s-1 and slightly higher than the values obtained after 10h at 700°C.  

TGA measurements and TEM images of the used catalysts after test at 750℃ are presented in 

Fig.6. From TGA, it is observed that for all the catalysts a distinct weight loss before 100℃ is 

observed. This can be attributed to the evaporation of adsorbed water. From 100 to 400℃, on 

Ni/SBA-16-CA and Ni/SBA-16-WI a gradual weight loss was observed. This could be attributed 

to adsorbed species. Finally at T>400°C, the weight loss might be caused by the production of 

CO2 from deposited carbon species, as reported elsewhere [51]. A similar trend in the TGA data 

on the Ni/SBA-16-AE sample is observed for temperatures up to 250°C. However, an increase of 

the mass was observed in the TGA of the Ni/SBA-16-AE sample above 300°C, which according 

to literature arises from the oxidation of metallic nickel to nickel oxides [53–56]. 



 16

    

(A) (B) 

   

(C) 

(D) 
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(a) 

 

(b) 

 

(c) 

(E) 

Figure. 6. (A) TGA plots of the catalysts after activity tests at 750℃, (B) Carbon deposition calculated from TGA 
on different catalysts, (C) TEM micrographs, (D) Ni particle size distribution after CRM test at 750℃ and (E) 

HRTEM micrographs (a) Ni/SBA-16-WI, (b) Ni/SBA-16-CA, and (c) Ni/SBA-16-AE. 

 

As shown in Fig.6, the calculated amount of deposited carbon varies from 8.1 to 15.8 and 16.4 

mg·gcat
-1 for Ni/SBA-16-AE, Ni/SBA-16-CA and Ni/SBA-16-WI, respectively. Furthermore, it 

can be seen that the highest carbon deposition was found on Ni/SBA-16-WI and the lowest 

amount of carbon was formed on Ni/SBA-16-AE. This could explain the significant activity 

decrease of Ni/SBA-16-WI catalyst. This latter result can also explain the high stability of 

Ni/SBA-16-AE after TOS at high temperatures. TEM and HRTEM measurements were also 

carried out on the catalysts after activity tests at 750℃ in order to observe any sintering and 

carbon deposition. As reported in Fig. 6, the ordered mesoporous structure of SBA-16 has 

remained after CRM tests for all the samples, indicating a good thermal stability of the catalysts 

structure. No carbon filaments or nanotubes were observed on Ni/SBA-16-AE, whereas a small 

amount of filaments is observed on Ni/SBA-16-CA and Ni/SBA-16-WI. This is in good 

agreement with the higher stability and lower carbon deposition on the Ni/SBA-16-AE catalyst. 

Finally, the Ni particle size distribution and mean Ni particle size was calculated (Fig 6.). When 

compared to the Ni particle sizes on the reduced catalysts reported in Table 1, one can note that 

the Ni particle size distribution does not change significantly after activity tests, indicating no 
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metal sintering during CRM. This latter result can be explained by the good confinement of the 

particles in the SBA-16 structure, but also the reoxidation/reduction of Ni particles and the Ni° 

redistribution occurring during CRM reaction and particularly on the Ni/SBA-16-AE catalyst, 

confirmed by TGA of the used sample [51]. 

 

4. Conclusion 

Ni/SBA-16 catalysts prepared by three methods were studied in the CRM reaction. The catalysts 

synthesized through citric acid-assisted wet impregnation (CA) and ammonia evaporation (AE) 

showed higher reaction rates (CO2 and CH4) than the impregnated Ni/SBA-16 (WI) sample. The 

high activities are attributed to the highly dispersed Ni0 particles and to the stronger Ni-support 

interaction on these catalysts. Ni/SBA-16-AE showed high stability in the CRM reaction due to 

the absence of nickel sintering and with limited carbon deposition. 
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