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Abstract: A series of Ni-Ce catalysts supported on SBA-15 has been 

prepared by co-impregnation, extensively characterized and 

evaluated in the carbon dioxide reforming of methane (DRM). The 

characterization by TEM, XRD and TPR has allowed us to determine 

the effect of metal loading on metal dispersion. Cerium was found to 

improve nickel location inside the mesopores of SBA-15 and to 

suppress coke formation during the DRM reaction. The analysis by 

XPS allowed us to associate the high cerium dispersion with the 

presence of low-coordinated Ce3+ sites, being main responsible for its 

promotional effect. A combination of XAS and XPS has permitted us 

to determine the physicochemical properties of metals under 

reduction conditions. The low nickel coordination number determined 

by XAS in Ni-Ce doped systems after reduction suggests the 

generation of very small nickel particles which showed greater 

catalytic activity and stability in the reaction, and a remarkable 

resistance to coke formation. 

Introduction 

Cerium oxide has received considerable interest as a promoter 

for several catalytic applications including the selective oxidation 

of CO (PROX), water-gas-shift reaction (WGS), fluid catalytic 

cracking of petroleum (FCC), and as a component of the 

automotive three-way catalytic converters.[1-3] Most of the benefits 

of cerium promotion in heterogeneous catalysis are attributed to 

the Ce3+/Ce4+ interconversion capacity which allows an enhanced 

oxygen mobility.[2-6] Moreover, the physical and chemical 

properties of the active metal phase could be modified in the 

presence of ceria, affecting the performance in hydrogen 

production reactions.[7-11] Hence, cerium oxide has been widely 

explored in the reforming of hydrocarbons, as a promoter of highly 

active noble metals (Pt, Rh)[7,12-15] or cheaper non-noble 

alternatives (Ni, Co).[16-21] Generally, cerium oxide (i) improves 

catalyst stability by preventing coke accumulation over the active 

metal surface, (ii) increases the catalytic activity by facilitating 

metal dispersion, and (iii) favors the activation of CO2. 

As mentioned before, the Ce3+/Ce4+ redox couple is mainly 

responsible for the enhanced catalytic activity. However, under-

stoichiometric CeO2-x is mostly present in small nanoparticles with 

oxygen deficiency concentrated in low-coordinated cerium atoms 

on the surface.[22-25] This implies that, in a ceria supported system, 

the amount of Ce3+ is proportional to the dispersion of the oxide. 

However, the reducibility of ceria in a redox environment will also 

influence its chemical state. In this sense, many attempts were 

made to describe the promoter effect of cerium oxide in the 

catalytic dry reforming of methane (DRM).[12,16,20,26-30] Different 

characterization techniques have been utilized for that purpose, 

including temperature programmed reduction/oxidation 

(TPR/TPO), x-ray photoelectron spectroscopy (XPS) and x-ray 

absorption spectroscopy (XAS).[6,8,20,26,27,31] CeO2-x goes through 

reduction/oxidation cycles along the reaction, enhancing oxygen 

mobility and coke gasification, thus improving the catalyst stability. 

Accordingly, an intimate contact between ceria and the active 

metal phase (coke promoter) should facilitate the process, and 

this can be addressed by using a high surface support.[32-34] On 

the other hand, a proper dispersion of the active metal phase has 

been shown to reduce graphitic coke formation by suppressing 

methane decomposition (the main source of coke at high 

temperatures),[35,36] a structure-sensitive reaction which is favored 

in larger crystal.[37,38] In this sense, several approaches has been 

explored to prevent metal aggregation as MgO-based solid-

solution catalysts,[39-41] mixed metal oxide materials (as 

perovskites),[42,43] or co-impregnation with promoter oxides.[44-46] 

Here, we studied five nickel-based systems promoted with cerium 

and supported in mesoporous silica SBA-15 for the DRM reaction. 

The catalysts were prepared by an ultrasonic-assisted incipient 

wetness impregnation method with different nickel loading and 

Ni/Ce atomic ratio. Both total metal loading and cerium content 

influence the metal dispersion and catalytic activity.  By using in 

situ spectroscopies, we have (i) correlated the cerium dispersion 

with the availability of Ce3+ on surface (XPS), and (ii) determined 

the physicochemical state of nickel (XAS) under reaction 

conditions. A higher dispersion of both nickel and ceria increased 

the catalytic activity and selectivity in DRM reducing the level of 

coke formation. On the other hand, the temperature programmed 

reduction profiles show the effect of metal loading in the 

reducibility of ceria which is the key in its promoting effect. 

Results and Discussion 
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Characterization of the calcined catalysts 

The characteristic textural and structural properties of the SBA-15 

support are illustrated in Fig. S1. The N2-adsorption/desorption 

isotherm of the calcined SBA-15 shows a hysteresis behavior at 

a relative pressure (p/p0) higher than 0.45, associated to a Type 

IV (H1) ordered mesoporous material,[47] which is preserved after 

impregnation and calcination of the metal nitrate precursors (see 

Fig. S1a). Pore size distribution shows a main pore width of 6.5-8 

nm, the abundance of which decreases after metal loading. 

Moreover, the small-angle diffraction pattern (Fig. S1b) shows an 

intense peak at 0.93 ° and two small ones at 1.64 and 1.89 °, 

corresponding to the (100), (110) and (200) planes, respectively, 

associated to the two-dimensional hexagonal arrangement of 

SBA-15 which is clearly observed by TEM (Fig. S1c). 

 

Table 1. Specific surface areas and pore volume obtained from N2 Adsorption/Desorption Isotherms, Ni and Ce weight percentage measured by ICP, average 

crystallite size by the Scherrer Equation, elemental atomic percentages calculated from XPS Spectra, and H2 consumption from a TPR experiment of the 

xNiyCe- supported in SBA-15 systems. 

Catalyst 
calcined at 
550 °C 

S 
BET

 / 

m
2
·g

-1
 

[a]
 V

T
 / 

cm
3
·g

-1
 

ICP / wt.% Scherrer Ø / 
nm 

[b]
 [X

n+ 
]
surface

 / at.% H
2
 consumption / 

mmol·g
-1

 

Ni Ce NiO CeO
2
 Ni Ce Si O Total c 

CeO
x
 

SBA-15 738 0.80 - - - - - - 32.5 63.6 -  

5Ni- 550 0.63 4.8 - 19 - 1.1 - 32.8 64.6 0.84 - 

10Ni- 439 0.56 10.3 - 19 - 1.9 - 32.3 64.0 1.71 - 

5Ni9Ce- 421 0.52 5.0 9.4 n.d. 3 0.9 0.8 31.7 64.9 1.47 0.62  

10Ni9Ce- 377 0.46 9.9 9.2 15 4 2.1 1.2 30.7 62.5 2.20 0.50  

10Ni18Ce- 314 0.36 9.5 19.0 37 6 2.3 1.0 30.9 63.5 2.13 0.43  

[a] V
T
 symbol corresponds to the single point pore volume at P/P

0
=0.965 of the nitrogen adsorption isotherm. [b] Calculated from the XPS spectra. [c] 

Calculation based on the total reduction of nickel. 

 

 

a b 

c d e 

Figure 1. TEM images of as-made 5Ni- (a), 5Ni9Ce- (b), 10Ni- (c), 10Ni9Ce- (d) and 10Ni18Ce/SBA-15 (e). 
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The five xNiyCe/SBA-15 catalysts were submitted to 

characterization by N2-adsorption analysis (BET, BJH), TEM, 

XRD, ICP, TPR, XPS and XAS. Some of the most characteristic 

physicochemical and textural properties of the catalysts are 

collected in Table 1. As shown, the specific surface area of the 

pristine SBA-15 decreased from 738 to 550-314 m2·g-1 after 

impregnation of both nickel and cerium nitrate precursors and 

subsequent calcination, being progressively lower at higher 

nickel-cerium content. Similarly, the pore volume decreased from 

0.80 to 0.63-0.36 cm3·g-1. On the other hand, the TEM images in 

Fig. 1 show that the structure of SBA-15 is preserved after 

impregnation and calcination of metal salts which give rise to the 

partial occupation of the mesoporous channels by the nickel-

cerium phase that can be distinguish into dark aggregates. 

However, the distribution of the metallic phase depended on 

several factors: (i) the lower the nickel loading the better the metal 

dispersion, as can be seen in 5Ni- and 5Ni9Ce/SBA-15 samples 

(Fig. 1a and 1b, respectively). Moreover, (ii) the addition of cerium 

clearly improved the homogeneity of the catalytic systems, 

especially in 5Ni9Ce/SBA-15 which shows most of the metallic 

phase inside the mesoporous structure, but also in 10Ni9Ce/SBA-

15 compared to the analogous 10Ni/SBA-15 (Fig. 1d and 1c, 

respectively) which shows a higher concentration of outer large 

aggregates. Finally, (iii) an excess of cerium loading resulted in 

the aggregation of the metallic phase as shown in the image 

corresponding to the 10Ni18Ce/SBA-15 sample (Fig. 1e). 

The x-ray diffraction diagrams in Fig. 2a display the formation of 

a NiO cubic phase in all the calcined catalysts as well as peaks 

associated with the fluorite-type structure of CeO2 in cerium 

doped systems. Interestingly, the NiO crystallite size estimated by 

the Scherrer equation decreased from 19 nm, in both 

monometallic systems, to a not-determined value in 5Ni9Ce/SBA-

15 due to peaks width which indicates the generation of very small 

crystals, and to 15 nm in 10Ni9Ce/SBA-15. Besides, the average 

crystallite size of NiO at high cerium loading increased to 37 nm. 

On the other hand, the CeO2 average crystallite sizes of 3, 4 and 

6 nm in 5Ni9Ce-, 10Ni9Ce- and 10Ni18Ce/SBA-15, respectively, 

indicates a high dispersion of the ceria phase in the three 

bimetallic Ni-Ce catalysts. 

The reducibility of the calcined systems has been followed by 

temperature programmed reduction (TPR) measurements. 

According to the profiles shown in Fig. 3a, the monometallic 

systems present two main reduction processes with peaks 

centered at 340-370 and ca. 520 °C. The first peak appears at the 

same temperature range of bulk NiO while the second one can be 

ascribed to NiO in a stronger interaction with the support, as 

expected for NiO clusters inside the channels of SBA-15.[48] In 

most of the samples, the peak assigned to bulk NiO shows at least 

two components at ca. 314 and 365 °C which would indicate 

different grades of NiO aggregation in surface of the support. This 

correlates with the highest prominence of the peak at lower 

temperature and the almost negligible component at ca. 500 °C 

in 10Ni18Ce/SBA-15 which shows a greater aggregation of the 

metallic phase (see Fig. 1e, TEM). Moreover, the peaks at 314 

and 365 °C have been shifted to 340 and 388 °C, respectively, in 

both 5Ni9Ce- and 10Ni9Ce/SBA-15 which can be ascribed to a 

more effective NiO-CeO2 interaction. On the other hand, the 

reducibility of ceria must be taken into account for a complete 

interpretation of the TPR profiles. The reduction of massive ceria 

is expected at temperatures above 750 °C while several authors 

have described the reduction of surface CeOx species at low 

temperature (>500 °C), in the same range of NiO.[49-51] The H2 

consumption in the partial reduction of ceria could be estimated 

by assuming the total transformation of NiO into metallic nickel 

along the TPR experiment. As shown in Table 1, a consumption 

of 0.62, 0.50 and 0.43 mmol·g-1 of H2 is found for 5Ni9-, 10Ni9Ce- 

and 10Ni18Ce/SBA-15, respectively. According to the following 

reaction: 2CeO2 + H2  Ce2O3 + H2O, these values represent a 

reduction of 97, 78 and 33 % of the total CeO2 phase in each case.  

Fig. 3b displays the CO2-TPD profiles of the xNiyCe/SBA-15 

catalysts which accounts for the basicity of the samples. The 

presence of basic sites on the catalyst surface leads to a greater 

adsorption and activation of carbon dioxide which can react with 
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Figure 2. Powder x-ray diffractograms of the as-made (a) and reduced in a 5% H2/Ar gas mixture at 750 °C (b) xNiyCe/SBA-15 systems. 
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CHx species but also with the carbon deposited on surface by the 

reverse Boudouard reaction (C+CO22CO). As seen, both 

monometallic catalysts show a negligible adsorption of carbon 

dioxide while the incorporation of ceria allows for better capacity, 

as the peaks in the 50-450 °C range show. Generally, the 

desorption of carbon dioxide at temperatures below 200 °C can 

be ascribed to a weak basicity, this being the case of the 5Ni9Ce- 

and 10Ni9Ce/SBA-15 samples which show a main peak at 175 °C 

and a secondary one at 90 °C. In addition to the peaks at low 

temperature, the 10Ni18Ce/SBA-15 exhibits a main peak at 

260 °C with a wide shoulder up to 450 °C associated to the 

decomposition of carbonate species in moderate basic sites [52] 

which is also present in 5Ni9Ce/SBA-15. Taking into account the 

relative intensity of the peaks and total adsorption of CO2, the 

order in basicity can be stablished as 10Ni18Ce- (17.6 μmol·g-1) 

> 5Ni9Ce- (16.0 μmol·g-1) > 10Ni9Ce- (7.9 μmol·g-1) >> 5Ni- 

≈10Ni/SBA-15 (>1 μmol·g-1). 

Next, the physicochemical state of the calcined Ni-Ce bimetallic 

catalysts was analyzed by XPS. Fig. 4 plots the recorded signals 

of Ce3d and Ni2p regions. Despite the coupling between the 

Ce3d5/2 and Ni2p1/2 signals, the well resolved Ni2p3/2 peak with 

maximum at ca. 855 eV can be assigned to Ni2+ (Fig. 4a). 

Meanwhile, the analysis of the Ce3d signal is rather complex due 

to (i) the coupling between 5/2 and 3/2 spin-orbit split components, 

(ii) the co-existence of both Ce3+ and Ce4+ associated electronic 

configurations, and (iii) the Ni2p1/2 interference at lower binding 

energy. With the aim of estimating the Ce3+/(Ce3++Ce4+) atomic 

ratio on catalyst surface, the Ce3d signal envelope was 

constructed using a Shirley background and symmetric Gaussian-

Lorentzian functions for each component. The analysis was done 

using the nomenclature given by Burroughs et al.[53] (see Fig. 4b), 

commonly applied by other authors in cerium based systems.[54-

57] Accordingly, the Ce3+/(Ce3++Ce4+) ratio is given by the following 

equation: 

 
𝑪𝒆𝟑+

𝑪𝒆𝟑+ +  𝑪𝒆𝟒+
=

𝒗𝟎 + 𝒗′ + 𝒖𝟎 + 𝒖′

𝒗𝟎 + 𝒗′ + 𝒖𝟎 + 𝒖′ + 𝒗 + 𝒗′′ + 𝒗′′′ + 𝒖 + 𝒖′′ + 𝒖′′′
 

 

Figure 3 Temperature-programmed reduction profiles of the as-made xNiyCe/SBA-15 systems (a) and temperature-programmed desorption of CO2 
profiles of the pre-reduced catalysts (b). 
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This way, values of 0.33, 0.43 and 0 were estimated for the 

5Ni9Ce-, 10Ni9Ce- and 10Ni18Ce/SBA-15 catalysts, respectively. 

According to the given ratios, both 5Ni9Ce- and 10Ni9Ce/SBA-15 

catalysts present a high concentration of Ce3+ on surface which 

has been directly associated to the availability of low-coordinated 

cerium atoms on edge sites, as expected in very small ceria 

nanoparticles.[58]  A higher concentration of these sites has been 

found to enhance the catalytic activity in redox reactions.[59]  

Finally, the calcined systems were also analyzed by XAS in the 

Ni K-edge region. As shown in Fig. 5a, all the samples present 

the typical XANES features of a cubic NiO reference with the 

maximum being the white line at 8350 eV. On the other hand, 

Fourier Transforms of the EXAFS region included in Fig. 5b (with 

phase correction) display two main peaks at low radial distances 

corresponding to Ni-O1 (1.9 Å) and Ni-Ni2 (2.8 Å), first and second 

coordination sphere, respectively. A decrease of the Ni-Ni2 

amplitude could indicate a distortion of the NiO lattice thus 

annulling the strong multiple scattering effect for paths involving 

collinear atoms in the cubic phase.[60,61] This is found in the 

5Ni9Ce/SBA-15 sample, either owing to the small NiO crystallite 

size or to the incorporation of cerium in the structure. 
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Figure 4. XPS spectra of the as-made xNiyCe/SBA-15 systems in the Ni 2p (a) and Ce 3d (b) regions. Ce4+, Ce3+ and Ni 2p1/2 contributions are 
colored in green, orange and gray, respectively. Red line represents the fitted peaks envelope. 
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Figure 5. Ni−K edge XANES spectra (a) and Fourier transform functions of the EXAFS oscillations (b) of the calcined xNiyCe/SBA-15 systems. 
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In situ XPS and XAS study under reduction conditions 

The Ni-Ce systems have been studied in situ by XPS and XAS 

under reduction conditions. The spectra were collected using a 

5% H2/Ar flow from room temperature (RT) up to 750 °C, 

mimicking the pre-treatment conditions before catalytic test (vide 

supra). Fig. 6 shows the high-resolution spectra of the Ce3d and 

Ni2p regions after the treatment in a 5% H2/Ar mixture at 750 °C.  

At these conditions, nickel has been totally reduced to Ni0 with a 

maximum of the Ni2p3/2 signal at 851.7 eV (Fig. 6a). Moreover, 

most of the cerium presents a +3 oxidation state in the three Ni-

Ce bimetallic catalysts (Fig. 6b) while the components associated 

to Ce4+ are only relatively intense in the 10Ni18Ce/SBA-15 

sample, representing ca. 15% of the total cerium on surface (see 

Table 2). Similarly, the XRD pattern of the reduced samples 

included in Fig. 2b show peaks associated to metallic nickel in all 

the cases while the peaks associated to CeO2 are almost 

negligible, except in the 10Ni18Ce/SBA-15 sample. Interestingly, 

the intensity of both Ni2p and Ce3d spectra increases at higher 

total metal loading in analogous systems (i.e., 10Ni18Ce > 

10Ni(9Ce), and 10Ni9Ce > 5Ni9Ce, respectively) while both XRD 

and TEM (Fig. S2) results indicate the opposite, i.e. the higher the 

Ni-Ce loading the lower the metal dispersion. This has already 

been explained by our group as an effect of metal location inside 

the mesopores of SBA-15 which make it invisible to XPS.[48] As 

shown by TEM images of the reduced samples (Fig. S2), most of 

the bimetallic nanoparticles obtained after reduction of 

5Ni9Ce/SBA-15 are aligned with the well-defined channels of the 

support.

  

Fig. 7 shows the in situ XAS analysis of the catalysts submitted to 

hydrogen treatment at 500 and 750 °C. The XANES spectra of 

the catalysts after treatment at 500 °C (Fig. 7a) show similar 

features to a nickel foil reference but with some changes in the 

white line (8349 eV), particularly in its relative intensity, which 

indicates the dominance of nickel oxide. A lineal combination 

fitting of the spectra shows the remanence of Ni2+ in a 22, 29, 12, 

14 and 6 % for 5Ni-, 5Ni9Ce-, 10Ni-, 10Ni9Ce- and 

10Ni18Ce/SBA-15, respectively, i.e. it increases in the same way 

as nickel dispersion. Next, the treatment at 750 °C gives rise the 

complete reduction of nickel in all the samples, as can be seen in 

both XANES and FT of EXAFS spectra displayed in Fig. 7b-c, 

showing a maximum in amplitude of the first coordination sphere 

at 2.46 Å (Ni-Ni1). The analysis of the radial distribution pseudo-

function, based on FEFF calculations from a metallic nickel 

reference (fcc), provides information about the Ni-Ni1 coordination 

number (CN) which can be correlated with the nickel particle size 

since the contribution of low-coordinated surface atoms in 

nanoparticles gives rise to an average CN appreciably lower than 

12 (bulk nickel).[62] Taking into account the temperature 

dependence of the Debye-Waller factor, the fitting analysis were 

done over the recorded spectra at room temperature (Fig. 7c) 

while CN was estimated from the Ni-Ni1 amplitude of a Ni foil 

reference (CN=12). This way, it has been estimated a CN of 11.0, 

10.1, 11.2, 10.8, 11.8 for 5Ni-, 5Ni9Ce-, 10Ni-, 10Ni9Ce- and 

10Ni18Ce/SBA-15, respectively. In a model of pseudo-spherical 

particles, a CN in the 10-10.5 range would correspond to average 

particle sizes of 2-4 nm while CN>11.5 is associated to particle 

sizes above 10 nm.[63,64] The details of the fitting parameters for 

both XANES and EXAFS regions are recorded in Table 2. 
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Figure 6. XPS spectra of the reduced xNiyCe/SBA-15 systems in the Ni 2p (a) and Ce 3d (b) regions. Ce4+, Ce3+ and Ni 2p1/2 components are 
colored in green, orange and gray, respectively. Red line represents the fitted peaks envelope. 
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As an initial summary, it can be rated that both the lower metal 

loading and cerium doping improved the nickel dispersion as 

shown by TEM (Fig. 1) and XRD (Fig. 2). This resulted in a lower 

reducibility of the nickel oxide phase and the formation of smaller 

nickel particles after total reduction at 750 °C, as indicated the 

analysis of the average coordination number by XAS.  CO2-TPD 

experiments has proven the role of ceria in the greater CO2 

adsorption capacity, especially at the highest cerium loading. On 

the other hand, it has been observed that both the dispersion and 

reducibility of ceria improve at lower Ni-Ce content. A 

consequence of this high dispersion is the presence of low-

coordinated Ce3+ species on surface in both 5Ni9Ce- and 

10Ni9Ce calcined systems (Fig. 4b) which presumably is key in 

its promotional effect under reaction conditions. This will be 

examined with the catalytic results. 

 
Table 2. Ce3+ concentration on surface estimated from the fitting of the Ce 3d XPS signal, nickel oxide percentage calculated from the Ni−K edge XANES 
spectra, Best Fitting Values obtained from the FT of the Ni−K edge EXAFS spectra of the catalysts reduced at 750 °C and average particle size estimated by 
TEM.  

Catalyst 
 

Ce3+ / (Ce3++ Ce4+) [a] NiO % [b]
 Best-fit values from EXAFS of reduced samples [c] Average Ni particle 

size / nm [d] 

Calcined H2, 750 °C H2, 500 °C H2, 750 °C CN ΔE0 R D-W (Å2 x 10-3) 

5Ni- - - 22 0 11.0 7.0 2.48 6.5 10.9 

10Ni- - - 12 0 11.2 7.0 2.48 6.5 11.1 

5Ni9Ce- 33 98 29 0 10.1 6.7 2.48 7.0 2.6 

10Ni9Ce- 43 97 15 0 10.8 6.8 2.48 5.9 6.1 

10Ni18Ce- 0 85 6 0 11.8 6.7 2.48 5.9 14.6 

[a] Estimated from the Ce 3d XPS signal analysis. [b] Calculated by linear combination of XANES spectra. [c] Measured at RT after reduction and referred 
to CN=12 and R=2.48 Å of a reference Ni foil. [d] Calculated from the TEM histograms of reduced samples (Fig. S2).   

Catalytic studies 

The five catalysts were evaluated at 750 °C using a 1/1/1 

CH4:CO2:N2 gas mixture at atmospheric pressure, where the 

equilibrium conversion of CH4 and CO2 is ca. 90 and 95%, 

respectively.[65,66] Thus, the residence time effect was previously 

evaluated to work below thermodynamic control. As shown in Fig. 

8, the activity differs drastically between monometallic and 

cerium-doped systems. Initially, the conversion of methane (Fig. 

8a) reaches 80% in both 5Ni9Ce- and 10Ni9Ce/SBA-15, 70% for 

10Ni18Ce/SBA-15 catalyst, while it barely reaches 50% in both 

monometallic catalysts. These results can be expressed as a 

function of nickel loading which underlines that methane reaction 

rate (mol CH4·g-1 Ni per hour, Fig. 8b) is improved at lower metal 

loading with values of 8 and 13 mol·gNi-1·h-1 in both 5Ni- and 

5Ni9Ce/SBA-15, respectively, doubling the measured values of 

the analogous 10Ni- and 10Ni9Ce-SBA-15. On the other hand, 

the effect of cerium is also reflected in a higher reaction rate. The 

greater activity seems to correlate in both cases to the better 

nickel dispersion. 
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Figure 7 Ni−K edge XANES spectra of the reduced xNiyCe/SBA-15 catalysts at 500 (a) and 750 °C (b), and Fourier transform functions of the 
EXAFS oscillations (c) after reduction at 750 °C. 
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The stability was examined throughout the 24 hours of reaction. 

The more active bimetallic 5Ni9Ce-, 10Ni9Ce- and 

10Ni18Ce/SBA-15 catalysts displayed a decrease of 6, 11 and 

15% in methane conversion, respectively. The lower deactivation 

rate in the 5Ni- and 10Ni/SBA-15 catalysts can be ascribed to their 

lower activity. On the other hand, the H2/CO ratio (Fig. 8d) was 

clearly improved by cerium, with values of ca. 0.9, 0.95 and 0.85 

in the bimetallic 5Ni9Ce-, 10Ni9Ce- and 10Ni18Ce/SBA-15 

samples, respectively, being lower than 0.75 in both monometallic 

systems indicating a high reverse water-gas shift activity 

(CO2+H2CO+H2O). Moreover, the carbon balance in gas phase 

(Fig. 8e) is closed above 90% in all the cases but clearly improved 

at higher Ce/Ni ratio, achieving a 99.9% in the 5Ni9Ce/SBA-15 

catalyst. The latter shows a higher CO2 conversion (Fig. 8c) 

compared with the analogous 10Ni9Ce/SBA-15 sample (95 and 

85%, respectively), presumably toward CO thus lowering the 

H2/CO ratio. Therefore, it can be stablished that ceria improves 

the carbon balance by preventing coke formation nevertheless a 

high Ce/Ni ratio can be detrimental by improving CO2 activation 

toward secondary reactions (as RWGS). Despite the above, the 

effect of particle size in coke formation should not be neglected 

since it has been seen that only large nickel particles, generally 

bigger than 5-7 nm, are responsible for the formation of 

filamentous carbon.[67-69]    

Additionally, the XPS C 1s signal of the samples submitted to the 

in situ DRM reaction (see Fig. S3) shows two main components 

at 284.6 and ca. 281 eV, typically associated with C-C species 

and metal carbide, respectively. The first dominates in both 10Ni- 

and 10Ni18Ce/SBA-15 catalysts while the carbide contribution is 

only visible in the cerium-doped systems, relatively intense in the 

10Ni9Ce/SBA-15 and almost negligible in both 5Ni9Ce- and 

10Ni18Ce/SBA-15 catalysts. In line with this, the XRD patterns of 

the spent samples (Fig. S4) show intense peaks associated with 

graphite in the monometallic 10Ni/SBA-15 catalyst which 

decrease at higher Ce/Ni ratio. It could be hypothesized that 

cerium prevents the formation of C-C bonds which occurs by a 

metal carbide intermediate (see Scheme 1). In fact, this 

mechanism has been already proposed for the methane 

decomposition reaction,[70-72] main source of coke at these 

reaction conditions, which is favored in larger nickel aggregates 

(as in the case of 10Ni- and 10Ni18Ce/SBA-15 samples).[37,38] 
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Figure 8 CH4 conversion (a) and reaction rate (b), CO2 conversion (c), H2/CO ratio (d) and average carbon balance in gas phase (e) of the 
xNiyCe/SBA-15 catalysts in the DRM reaction at 750 °C and WHSV=60000 mL·min-1·gcat-1 for 24 hours. 
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Conclusion 

In summary, we have characterized a series of nickel-based 

catalysts promoted with ceria prepared by incipient wetness co-

impregnation of SBA-15. Altogether, our results demonstrate that: 

(i) both lower metal loading and co-impregnation of cerium 

improved metal dispersion inside the mesoporous structure of 

SBA-15; (ii) the nickel resistance to reduction is improved at 

higher metal dispersion giving rise to smaller particles after a 5% 

H2/Ar treatment at 750 °C. Conversely, ceria reducibility was 

improved; (iii) the promotional effect of ceria was clearly 

demonstrated during the catalytic tests by improving the H2/CO 

ratio and carbon balance. On the other hand, the enhanced CO2 

activation by ceria (CO2-TPD) can also promote undesirable 

secondary reaction as RWGS. Therefore, the Ce/Ni has to be 

properly adjusted.  

Finally, in view of the catalytic results and the in situ C 1s XPS 

analysis of the spent catalysts we proposed a reaction 

mechanism where ceria avoids coke formation by suppressing 

the propagation of C-C bonds chain from a nickel carbide 

intermediate, precursor of filamentous carbon over metallic nickel 

surfaces. 

Experimental Section 

Catalysts preparation. SBA-15 mesoporous silica support was prepared 

according to the protocol reported by our group,[48] based in Zhao’s novel 

work published in 1998.[73] Typically, 3 g of P123 (Sigma-Aldrich, CAS: 

9003-11-6) was dissolved in 140 mL of hydrochloric acid 1.8 M and heated 

up to 45 °C. Then, 5.9 mL of tetraethyl orthosilicate (Sigma-Aldrich, CAS: 

78-10-4) was added to the solution reveling the formation of a white 

dispersion. After an aging period of 18 h at 45 °C, the resulted white 

product was filtered in a Büchner funnel, washed with enough boiling water 

to completely remove the surfactant, dried at 150 °C and calcined for 3 h 

at the temperature of 550 °C using a ramp of 1 °C·min-1. The nickel and 

cerium metal phases were loaded on 1 g of as-made SBA-15 by an 

ultrasonic-assisted incipient wetness impregnation method using 

Ni(NO3)2·6H2O (Panreac, CAS: 13478-00-7) and Ce(NO3)3·6H2O (Sigma-

Aldrich, CAS: 10294-41-4) as precursors. After that, the powder was dried 

at 120 °C for 24 h and calcined at the temperature of 550 °C. The resulting 

catalysts were labeled as xNiyCe/SBA-15, where x and y represent the 

wt. % of nickel (x=5 or 10) and cerium (y=0, 9 or 18). 

N2 physisorption. Nitrogen adsorption/desorption isotherms were 

obtained on a TriStar II (Micromeritics) instrument at the temperature of 77 

K. Catalysts were dried under vacuum at 170 °C for 12 h prior to the 

measurements. Specific surface area and pore size distribution were 

estimated in the relative pressure range of 0.05-0.25 according to the BET 

and BJH methods,[74,75] respectively. Total pore volume was obtained from 

a single point measurement at P/P0 = 0.965. 

ICP. Inductively coupled plasma analysis for Ni and Ce was carried out 

using a 5100 ICP-OES instrument and SPS 4 Autosampler (Agilent), using 

argon as gas supply. Prior digestion of the samples, vessel was cleaned 

in nitric acid (5 mL). Two different digestion protocols were used: (1) a 

solution containing aqua regia and HF for nickel analysis, and (2) a solution 

of concentrated HCl for cerium analysis; at max 30 bar and 240 °C bar in 

an UltraWAVE equipment (Milestone), in both cases. A calibration curve 

(4 plots) was built (1-10-25-100 ppm) and all samples have been 

duplicated. 

PXRD. Powder x-ray diffractograms has been measured in a PANalytical 

X-Pert PRO instrument using a Cu Kα source (λ= 1.5418 Å) in a 

Bragg−Brentano geometry, equipped with an X’Celerator and a RTMS x-

ray detector (active range of 2θ = 2.18°). Data were acquired in the 2θ 

range of 10−80 °, a step of 0.05 °, and 250 s of acquisition time. The 

analysis of diffractograms was carried out using the X’Pert HighScore Plus 

v4.0 software (PANalytical). 

TPR. Temperature programmed reduction profiles were measured using a 

TCD detector and commercial CuO (Sigma-Aldrich) for intensity calibration. 

A sample amount selected for consumption of ca. 100 μmol-H2 was 

pretreated in argon at 110 °C, cooled down up to 35 °C and submitted to 

Scheme 1. Proposed mechanism for coke suppression by ceria during the DRM reaction. The structure-sensitive methane decomposition reaction over nickel 

gives rise to the formation of whisker carbon which grows from a NiCx intermediate. Ceria nanoparticles in direct contact with carbide species prevents C-C 

propagation through the CO2 activation. 

10.1002/cctc.202001527

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemCatChem

This article is protected by copyright. All rights reserved.



FULL PAPER    

10 

 

a reduction treatment in 50 mL·min-1 of 5% H2/Ar (calibration mix) until 

800 °C using a heating ramp of 10 °C min-1. All experimental parameters 

were carefully adjusted to prevent peak coalescence.[76] 

CO2-TPD. Temperature programmed desorption of carbon dioxide 

experiments were conducted in an AMI-200 Altamira equipment. Before 

the experiment, circa 80 mg of pelletized sample (150-250 μm) were 

placed in a U shaped quartz reactor and pre-reduced in 5% H2/Ar flow at 

750 °C. After cooling to 35 °C, a mixture of 25% CO2/He was passed 

through the reactor for 30 minutes. Then, the sample was flashed with 30 

mL·min-1 of helium flow for 15 minutes to purge the non-adsorbed carbon 

dioxide and heated up to 750 °C with a heating ramp of 10 °C·min-1. The 

latest step was recorded using a thermal conductivity detector. 

TEM. Imaging of catalysts was performed in a Philips CM200 transmission 

electron microscope operating at 200 kV in bright-field mode. Powder 

samples were deposited over a coated copper grid with lacey carbon 

before to loading onto the instrument. Histograms of particles sizes 

included in ESI were done by sampling 180 particles. 

XPS. X-ray photoelectron spectroscopy measurements were conducted 

on a VG-ESCALAB 210 equipment provided of an analysis chamber at 

ultra-high vacuum conditions (10-11 bar) and a SPECS-Phoibos 100 

hemispheric analyzer. Pelletized samples were loaded to the instrument in 

a pre-chamber at 10−9 bar. The catalysts were excited using an Al Kα x-

ray source (1486.6 eV) at 12 kV and 20 mA. Si 2p maximum intensity was 

set at 103.4 eV for energy calibration, characteristic of silica. High 

resolution Ni 2p, Ce 3d, O 1s, Si 2p and C 1s spectra were recorded at 50 

and 0.1 eV of pass energy and a resolution, respectively.  In situ 

treatments (5% H2/Ar and CO2:CH4 at 750 °C) were carried in a reaction 

chamber connected to the pre-chamber at atmospheric pressure. The 

spectra were treated and analyzed using CasaXPS v.2.3.17 software. 

XAS. X-ray absorption spectroscopy in the EXAFS and XANES regions 

was recorded at the BM25A beamline of the European Synchrotron 

Radiation Facility (ESRF), located in Grenoble, France. An optimized 

amount of catalyst was pelletized and analyzed in transmission mode 

using a cell for in situ gas−solid reactions. XAS spectra were collected at 

room temperature, 500 and 750 °C in presence of 5% H2/Ar flow (50 

mL·min-1) from 8200 to 9100 eV using a step of 0.5 eV. A standard nickel-

foil measurement was used for energy calibration. The EXAFS patterns 

were Fourier transformed in the 1.9−12.5 Å−1 range. The treatment and 

analysis of spectra was carried out using the IFEFFIT software.  

Catalytic tests. Reaction tests were conducted in a 4-channel Flowrence 

XD platform from Avantium. Typically, 10 mg of the catalyst was loaded in 

a quartz reactor. The catalysts were pelletized to obtain grains sized from 

150 to 250 μm before loading. The reactors are 300 mm long quartz tubes 

inserted in a furnace. The outside and inside diameters of the tubes are 3 

and 2 mm, respectively. One reactor was always used without catalyst as 

a blank. The mixed feed consisted of 1/1/1 ratio of CH4/CO2/N2 mixture. 

We aimed for a WHSV of 60000 mL·min-1·gcat-1. Prior to feeding the 

reaction mixture all samples were pretreated in situ with a pure H2 

atmosphere for 1 hours at 750 °C. Gas product analysis was performed by 

an Agilent 7890B GC equipped with a TCD detector (H2, He, CO) and two 

FID detectors for separate analysis of light hydrocarbons (C1-C9) and 

oxygenates (CO2, alcohols). Helium was used as carrier gas for the FID 

channels. Argon was used as carrier in the TCD channel to enable 

detection of helium as internal standard and hydrogen as analyte.  

Conversions (X, %) and carbon balance are defined as follows: 

𝐂𝐨𝐧𝐯𝐂𝐎𝟐 (%) =

𝐂𝐎𝟐𝐢𝐧
𝐇𝐞𝐢𝐧

⁄ −
𝐂𝐎𝟐𝐨𝐮𝐭

𝐇𝐞𝐨𝐮𝐭
⁄

𝐂𝐎𝟐𝐢𝐧
𝐇𝐞𝐢𝐧

⁄
× 𝟏𝟎𝟎 

𝐂𝐨𝐧𝐯𝐂𝐇𝟒 (%) =

𝐂𝐇𝟒𝐢𝐧
𝐇𝐞𝐢𝐧

⁄ −
𝐂𝐇𝟒𝐨𝐮𝐭

𝐇𝐞𝐨𝐮𝐭
⁄

𝐂𝐇𝟒𝐢𝐧
𝐇𝐞𝐢𝐧

⁄
× 𝟏𝟎𝟎 

𝐂𝐁𝐚𝐥𝐚𝐧𝐜𝐞(%) =
∑ 𝐂𝐨𝐮𝐭

𝐇𝐞𝐨𝐮𝐭
⁄

∑ 𝐂𝐢𝐧
𝐇𝐞𝐢𝐧

⁄
× 𝟏𝟎𝟎 

 

where Ciin and Ciout, are the concentrations determined by GC analysis in 

the blank and in the reactor outlet respectively. 
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Coke formation has been the main drawback for the industrial implementation of the dry reforming of methane to syngas. Highly 

dispersed nickel nanoparticles promoted by ceria has shown to be a very promising catalyst for that purpose. Ceria has proven to 

enhance CO2 activation and coke removal as well as the nickel dispersion over the support, thus decreasing the rate for coke formation. 
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