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ABSTRACT. A new NiO-CeO2 dry methane reforming catalyst (DRM) is presented (8.7 
wt% Ni), which consist of high surface area mixed oxide nanoparticles (122 m2/g; 6–7 nm). 
These nanoparticles showed catalytic stability under the severe conditions of DRM (700 
ºC), and improved carbon resistance with regard to conventional NiO-CeO2 catalysts 
prepared without control of the size. Both the nanoparticles and the reference catalyst 
compared present high activity and selectivity for DRM, almost reaching the conversion 
and ratio of products predicted by thermodynamics for the experimental conditions used. 
Nevertheless, the nanoparticles reduced by 63% the accumulation of carbon during the 
DRM tests, which is a key feature for this reaction. XPS and H2-TPR suggest that the 
improved carbon resistance of the nanoparticles is the better interaction and cooperation 
between NiO and CeO2 mixed phases. In nanoparticles, the participation of cerium cations 
in the redox processes taking place during DRM stabilize cationic species of nickel. On the 
contrary, the catalyst prepared without control of the size suffered segregation of Ni during 
DRM reaction, and segregated Ni explains the higher catalytic formation of carbon. 
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1. INTRODUCTION 
 

Dry reforming of methane (DRM) has been proposed to diminish emission of greenhouse 

gases to the atmosphere, catalyzing the reaction between CH4 and CO2 to yield a mixture of 

H2 and CO (syngas) [1-5]. DRM is an environmental friendly pathway alternative to 

conventional syngas production by steam reforming. The syngas obtained by DRM can be 

used for Fischer-Tropsch synthesis of hydrocarbons of different nature, therefore 

contributing to decrease greenhouse gases emissions producing products with practical 

interest. DRM has been proposed to valorize waste emissions using biogas as feedstock, as 

a chemical way to store solar energy, and it has been also proposed to be applied to natural 

gas with high concentration of CO2, among other applications [6, 7]. 

DRM is endothermic 

CH4 + CO2 = 2CO + 2H2  ΔH25 ºC = 247 kJ/mol           

and also presents high activation energy due to the stability of the reactant gases. For this 

reason, the use of a catalyst is necessary to activate the reaction together with temperatures 

in the 650–850 ºC range. 

The most efficient DRM catalysts are supported noble metals (Ru, Rh, and Pt) and 

certain supported transition metals (Ni and Co) [8]. Noble metal catalysts are more active, 

more stable against sintering and better carbon resistant than Co and Ni catalysts, but the 

high price of noble metals limits their practical application. Among suitable catalysts, Ni-

based catalysts are the most interesting at industrial level because combine a lower price 

than noble metals with a suitable catalytic activity [7, 9-11]. 
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The main problem of Ni catalysts is that suffer severe deactivation due to carbon 

formation under DRM conditions due to side reactions [12-15]. Carbon is a by-product that 

inhibits the catalyst due to encapsulation of the metal particles and/or blockage of the 

catalyst porosity [9]. In addition, carbon accumulation on the catalyst could not only lead to 

deactivation, but can also cause reactor plugging. Carbon is mainly formed by CH4 

decomposition, but hydrogenation of CO and CO2, and disproportionation of CO can also 

contribute [9]. 

CH4 = C + 2H2   ΔH25 ºC = 75 kJ/mol  

2CO = C + CO2   ΔH25 ºC = –172 kJ/mol  

CO + H2 = C + H2O   ΔH25 ºC = –131 kJ/mol 

 

 The nature of the Ni support strongly affects the activity of the catalysts and the 

carbon resistance, and different supports have been studied, such as ZrO2, CeO2, ZrO2-

CeO2, Al2O3, MgO, TiO2, SiO2, MgAl2O4 and ZSM5 among others [16]. Ceria-based 

supports are among the most efficient, because they promote nickel dispersion and prevent 

sintering due to the strong metal–support interaction [17]. It is known that DRM requires 

two type of actives sites on a Ni catalyst, including reduced Ni sites for CH4 dissociation 

and basic sites for CO2 chemisorption and dissociation. It has been also reported that basic 

supports, like those of ceria, provide efficient sites for such dissociation of CO2 [9] and that 

the reaction between adsorbed CH4 and CO with ceria oxygen prevents the formation of 

carbon on the nickel phase.  

It is also well-known that the shape of a catalyst plays a critical role in the catalytic 

behavior, and ceria nanoparticles have shown high catalytic activity in different reactions, 
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such as water gas shift [18, 19], photocatalytic water splitting [20] and soot combustion  

[21, 22] among others. 

Taking into account the promising behavior of nickel-ceria catalysts for DRM, and the 

critical issue of deactivation by carbon formation as undesired by-product, the goal of this 

study was to improve the carbon resistance of nickel-ceria DRM catalysts. A NiO-CeO2 

DRM catalyst is presented, which consist of mixed oxide nanoparticles. It is demonstrated 

that these nanoparticles present enough stability under the severe temperatures of DRM, 

and improved carbon resistance with regard to a counterpart NiO-CeO2 mixed oxide 

prepared without control of the size. 

 

 

2. EXPERIMENTAL 

2.1. Catalysts preparation 

The nanoparticles catalyst, referred to as NiO-CeO2 (np), has been prepared by the 

reversed microemulsion method using Ce(NO3)3·6H2O (99.5%, Alfa Aesar) and 

Ni(NO3)2·6H2O (Sigma-Aldrich). The amount of Ni and Ce precursors required to obtain 

8.5 wt% of Ni in the final catalyst was dissolved in water, and a microemulsion was 

prepared adding n-heptane, Triton X-100 and hexanol. The precipitation of the oxides was 

forced adding a similar microemulsion with a base (tetramethylammonium hydroxide) 

instead of the metal precursors. The mixture was stirred for 24 h and the suspension was 
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centrifuged to collect the solid, which was washed with ethanol, dried (110 ºC) and 

calcined (500 ºC; 1 h). 

A reference catalyst (NiO-CeO2 (ref)) with high catalytic activity, as will be shown 

afterwards, has been prepared with the same composition but without control of the size. 

The Ni and Ce precursors were dissolved in water, and citric acid (99%, Sigma-Aldrich) 

was added in stoichiometric proportion. The solid was dried at 80 ºC and calcined at 600 

ºC. 

 

2.2. Catalytic tests 

DRM tests were carried out in a fixed-bed reactor (12 mm diameter) coupled to a gas 

chromatograph (Agilent Varian GC490, Agilent). The catalysts were reduced in situ before 

the experiments at 500 ºC for 1 h under 100 mL/min of 5%H2/Ar. DRM experiments were 

performed afterwards at 700 ºC under 100 mL/min of 10% CH4 + 10% CO2  with Ar 

balance. The mass of catalyst was 300 mg (GHSV 24000 h–1). 

 

2.3. Catalysts characterization. 

The nickel loading was determined by ICP-OES (Perkin Elmer spectrophotometer, model 

optima 4300 DV). The extraction was carried out with 2% HNO3 in water.  

TEM images of the catalysts were obtained in a JEOL microscope, model JEM-2010. 
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N2 adsorption-desorption characterization was performed at –196 ºC in a volumetric 

device (QUANTACHROME INSTRUMENT, model AUTOSORB-6). The catalysts were 

previously degassing for 4 h at 150 ºC. 

H2-TPR characterization was carried out in a Micromeritics device (model Pulse 

Chemisorb 2705) with a TCD detector, using 40 mL/min of 5% H2/Ar (40 mL/min) and 40 

mg of catalyst. CuO was used as standard reference to quantify H2 consumption. The 

temperature was raised at 10 ºC until 900 ºC. 

The amount of carbon accumulated on the catalysts during the DRM tests was 

determined by combustion in a thermobalance (SDT 2960 Simultaneous DSC-TGA; TA 

Instruments). 10 mg of the used catalysts were heated at 10 ºC/min in air (100 mL/min) 

until 800 ºC. 

The catalysts were characterized before and after the DRM tests by XRD and XPS. XRD 

characterization was performed in a Bruker diffractometer (D8-Advance), using Cu Kα 

radiation (λ = 0.1540598 nm), and XPS in a K-ALPHA Thermo Scientific device, using Al 

Kα radiation (1486.6 eV) and fitting C 1s transition at 284.6 eV to adjust the binding 

energy scale. 
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3.- RESULTS AND DISCUSSION. 

3.1. Catalysts characterization. 

The amount of Ni is near the target (8.5 wt%) in both materials (NiO-CeO2 (np) 8.7 wt% 

and NiO-CeO2 (ref) 8.2 wt%), and ceria fluorite is the main crystalline phase in the 

diffractograms of both fresh catalysts (Fig. 1), suggesting formation of NiO-CeO2 mixed 

oxides, as expected. Tiny peaks of NiO were observed in the diffractogram of fresh NiO-

CeO2 (ref), evidencing few segregation of phases. The peaks broadening of the fresh 

catalysts indicate that crystallite size of NiO-CeO2 (np) is smaller to that of NiO-CeO2 (ref), 

as expected (data in Table 1). 

 

Figure 1. X-ray diffractograms of the fresh and used catalysts. 

 

The intensity of the XRD peaks increased after the DRM reaction, obtaining much more 

intense peaks with the reference catalyst NiO-CeO2 (ref) than with NiO-CeO2 (np). The 

reference catalyst additionally shows peaks of metal nickel, confirming the presence of 

segregated nickel species. The crystallite sizes of ceria have been calculated with the 

Scherrer’s equation using the (111) CeO2 peak of the diffractograms and values have been 

compiled in Table 1confirming the smaller crystallite size of NiO-CeO2 (np) with regard to 

NiO-CeO2 (ref) both for fresh and used catalysts. 
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Table 1. Ni content, specific surface area and CeO2 crystallite size of the catalysts. 

 

The smaller crystallite size of fresh NiO-CeO2 (np), predicted by XRD, is consistent with 

the results of N2 adsorption. As expected, the specific surface area of NiO-CeO2 (np) (122 

m2/g) is higher to that of NiO-CeO2 (ref) (56 m2/g) due to the smaller size of the primary 

particles (see TEM images in Fig. 2).  

 

Figure 2. TEM images of the catalysts. (a) NiO-CeO2 (np); (b) NiO-CeO2 (ref).  

 

In this type of materials, the surface area comes from the external area of the primary 

particles together with the space left among particles, and can be assumed that primary 

particles are single crystals. For this reason, the smaller the primary particles/crystals the 

higher the specific surface area. Assuming spherical shape of the primary crystals, it is 

estimated from surface area values that the primary crystals size is 6–7 nm for NiO-CeO2 

(np), which is consistent with the crystallite size obtained by XRD. This estimation 

increases to 15 nm for NiO-CeO2 (ref), but in this case the size of primary crystals is 

heterogeneous and must be considered as an average value. This is clearly observed in the 

TEM images of Fig. 2. NiO-CeO2 (np) image shows smaller crystals with homogeneous 

Catalyst Ni content 
(wt%) 

BET specific surface 
area (m2/g) 

CeO2 crystallite size 
(nm) 

NiO-CeO2 (np)-fresh 8.7 122 7 
NiO-CeO2 (np)-used - - 19 
NiO-CeO2 (ref)-fresh 8.2 56 13 
NiO-CeO2 (ref)-used - - 32 
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size, being consistent with the estimated size (6–7 nm), while the size of the crystals in the 

NiO-CeO2 (ref) image is non homogeneous, and larger crystals can be distinguished.  

The formation of nanoparticles also affects the reducibility of the catalyst, as observed in 

Fig. 3. Both catalysts present H2 consumption above 700 ºC due to the reduction of bulk 

ceria, and the amount consumed is similar for both catalysts (0.06–0.08 H2 mole/CeO2 

mole). On the contrary, important differences are noticed in the reduction profiles below 

500 ºC, where surface reduction events take place. Surface reduction of NiO-CeO2 (ref) 

shows a well-defined peak with a small shoulder at low temperature. This is consistent with 

the formation of a NiO-CeO2 mixed oxide where Ni2+ and Ce4+ cations are reduced 

simultaneously, and the small shoulder is probably due to the low amount of segregated 

NiO, as deduced from XRD NiO tiny peaks. The surface reduction of NiO-CeO2 (np) is 

quite different, with two well defined peaks that evidence the presence of two types of 

surface species with different reducibility. The maxima of the largest peak at 365 ºC is 

quite similar to that of the surface reduction of NiO-CeO2 (ref) (350 ºC), and the low 

temperature peak, with onset temperature at 160 ºC and maximum at 288 ºC, evidences the 

presence of highly reducible species in the nanoparticles catalyst. In addition, the amount of 

H2 consumed for surface reduction of the catalysts is higher for NiO-CeO2 (np) (147 H2 

mole/ NiO mole) than for NiO-CeO2 (ref) (121 H2 mole/ NiO mole). The amounts of H2 

consumed are larger in both cases than the amounts required for NiO reduction to Ni, 

evidencing simultaneous reduction of ceria. 

  

Figure 3. Temperature programmed reduction experiments with H2. 
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In summary, characterization has showed that the NiO-CeO2 (np) catalyst consists of 

homogeneously dispersed NiO-CeO2 mixed oxide nanoparticles (6–7 nm) with higher 

surface area and improved surface reducibility with regard to the conventional NiO-CeO2 

(ref) prepared without control of the size. 

3.2. Catalytic tests. 

 The nanoparticles catalyst was tested for DRM at 700 ºC for 5 h under 

stoichiometric CH4/CO2 conditions, and the conversion curves are plotted in Fig. 4 and 

compared with those obtained with the reference mixed oxide. Both catalysts reached high 

conversion values for CO2 and CH4 (above 80%), but the nanoparticles catalyst was slightly 

more active. The CH4 conversion predicted by thermodynamics for the experimental 

conditions of these experiments is ~90% [3, 23] and the values obtained with both catalysts 

are only slightly lower. The conversion values shown in Fig. 4 are high in comparison with 

those reported in literature for other Ni/CeO2-based catalysts tested in comparable 

conditions. For instance, 30% CH4 conversion was reported for a 12 wt%Ni/CeO2 catalyst 

prepared by incipient impregnation and tested at 700 ºC with a stoichiometric CO2/CH4 

mixture, and the catalyst suffered strong deactivation during reaction due to carbon 

formation [24]. In this case, the performance was significantly improved by optimizing the 

loading of the active phase on SBA15. In another example, Ni-Co/CeO2-ZrO2 catalysts 

were tested for DRM, and the CH4 conversion at 700 ºC dropped from 35% to 25% 

approximately after 3 h under reaction conditions due to carbon accumulation [25]. Higher 

conversion was achieved with a 26 wt% Ni-ceria system prepared by combustion synthesis, 

reaching 65% CH4 conversion at 750 ºC [26]. 
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 The H2/CO ratio yielded by the catalysts tested in the current study (Fig. 4(c)) is 

slightly lower to 1, which is the predicted thermodynamic ratio for DRM. Values lower to 1 

are obtained due to certain side reactions (COx methanation, reversed water gas shift and 

CH4 decomposition) taking place together with DRM. 

 

 

Figure 4. Methane dry reforming experiments. (a) CO2 conversion; (b) CH4 conversion; (c) 
H2/CO yield. (700 ºC; 100 mL/min; 10% CH4 + 10% CO2 with Ar balance; 300 mg of 
catalyst; Pretreatment in situ at 500 ºC,1 h, 100 mL/min of 5%H2/Ar). 

 

 In summary, the catalytic tests confirmed that both the nanoparticle catalyst and the 

reference mixed oxide prepared for comparison are efficient catalysts for DRM, with few 

room for improvement in catalytic activity and selectivity because both catalysts 

approached the conversion and selectivity values predicted by thermodynamics. 

Nevertheless, resistance to carbon accumulation is required for this application, and 

nanoparticles improved carbon resistance with regard to the reference counterpart catalyst, 

as deduced from Fig. 5 where thermograms obtained in air with both catalysts after the 

DRM catalytic tests have been plotted.  

 

Figure 5. Combustion in air in a thermobalance of carbon accumulated on the catalysts 
during DRM experiments. 
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The amount of carbon accumulated on the catalysts during DRM was quantified 

measuring the weight dropped above 450 ºC due to the combustion of such carbon. These 

results reveal that the amount of carbon on the NiO-CeO2 (np) catalyst is 2.7 times lower to 

that on the counterpart reference NiO-CeO2 (ref) catalyst, that is, nanoparticles reduced by 

63% the accumulation of carbon during DRM. The average carbon accumulation rate 

during the catalytic tests is 17 μgcarbon/(h·gcatalyst) for NiO-CeO2 (np) and 45 

μgcarbon/(h·gcatalyst) for NiO-CeO2 (ref). 

It has been reported that, for Ni/CeO2-based catalysts, two conditions are relevant to 

diminish carbon formation [25]. One of them is the strong interaction between the Ni phase 

and the ceria support and the other one is to ensure high oxygen mobility within the ceria 

lattice. The NiO-CO2 contact is expected to be good in mixed oxides, as those prepared in 

the current study, but certain differences were noticed in XRD and H2-TPR 

characterization. These techniques provided evidences about the improved NiO-CeO2 

contact in the catalyst with the best carbon resistance (NiO-CeO2 (np)) with regard to that 

in the reference mixed oxide (NiO-CeO2 (ref)). It has been also proposed that decreasing 

the particle size of nickel hinders carbon formation if the size is too small for carbon 

nucleation and growth [25], and therefore, the better formation of the NiO-CeO2 mixed 

oxide in the NiO-CeO2 (np) catalyst and the smaller crystallite size would explain the 

improved carbon resistance. 
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3.3. XPS analysis of catalysts before and after the DRM experiments. 

 The as-prepared catalysts were characterized by XPS, and also after the DRM 

experiments. The spectra obtained in the Ni2p energy region are included in Fig. 6, showing 

the most intense band at 851–859 eV with their satellites at 859–866 eV. 

 

Figure 6. XPS spectra recorded in the Ni2p energy region. (a) Fresh catalysts; (b) After the 
DRM experiments.  

There is not general consensus about the assignment of Ni2p peaks, but it has been 

proposed that the nature of the nickel species can be deduced from the position and 

deconvolution of the highest intensity peak [27, 28] Peaks of metallic nickel are expected to 

appear below 852 eV, and above this energy peaks can be assigned to NiO, Ni2O3 and 

Ni(OH)2 [27, 29–32]. According to this assignment, cationic species of nickel are present 

on the surface of both fresh catalysts, as expected considering that catalysts were calcined. 

The ratio of the areas (or intensities) of the main peaks in the spectra is similar for both 

fresh catalysts, but the binding energies of the maxima are higher for NiO-CeO2 (np) than 

for NiO-CeO2 (ref). This could be related to the better NiO-CeO2 interaction achieved in 

the nanoparticles, as deduced from XRD and H2-TPR. The higher binding energies of 

nickel cations in NiO-CeO2 (np) suggest higher interaction between these cations and ceria, 

that is, this interaction leads to the transfer of negative charge density from NiO to CeO2.  

The intensity of the Ni2p spectra decreased for the used catalysts, and much more noisy 

spectra were obtained due to the accumulation of carbon on the surface. The position of the 

most intense Ni2p peak shifts towards higher binding energy after the DRM experiments, 

indicating changes in the surface of both catalysts that stabilize the oxidized species of 
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nickel. The shift in the position of the Ni2p peaks affects to NiO-CeO2 (ref) in a much 

higher extent than to NiO-CeO2 (np), that is, the shift for nanoparticles is 1.7 eV while it is 

higher than 3 eV for the reference catalyst. This is consistent with the important changes 

detected by XRD for NiO-CeO2 (ref) after the catalytic tests, but XRD predicts the 

presence of reduced nickel while XPS evidences the formation of nickel cations with high 

positive charge density. This suggests the segregation of metal nickel during the reaction, 

but the surface of these segregated nickel particles seems to be highly oxidized. 

   

Figure 7. XPS spectra recorded in the Ce3d energy region. (a) Fresh catalysts; (b) After the 
DRM experiments.  

 

 Changes in the oxidation state of the cerium cations are also detected by XPS before 

and after the catalytic tests, as deduced from Fig. 7. XPS spectra of cerium combines peaks 

assigned to Ce3+ and Ce4+, as it has been labelled in the figure, and the proportion of Ce3+ 

cations with regard to Ce3+ + Ce4+ can be estimated as the ratio between the area under the 

Ce3+ peaks and the total area under the spectrum. The estimated Ce3+ percentages, compiled 

in Table 2, predict that the amount of Ce3+ in the fresh catalysts is not very different to each 

other (18% vs 23%). However, the behavior under reaction conditions is very different for 

each catalyst. While the average oxidation state of cerium cations in NiO-CeO2 (ref) does 

not change during the DRM tests (18% before and after the tests), the Ce3+ percentage in 

NiO-CeO2 (np) drops from 23% to 11%. This suggests that ceria in this catalyst is getting 

significantly involved in the redox processes taken place under reaction conditions, and 

probably this participation of ceria explains the higher stability of the nickel species. That 
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is, Ni2p and Ce3d XPS characterization suggests that cooperation between nickel and cerium 

oxides during DRM is much more efficient in the NiO-CeO2 (np) catalyst than in the 

reference material prepared without control of the size. 

Table 2. Ce3+ percentage determined from XPS analysis. 

 

 

In summary, XPS suggests that the improved carbon resistance of the NiO-CeO2 (np) 

catalyst prepared in nanoparticle shape with regard to the counterpart mixed oxide prepared 

without control of the size is related to the better interaction and cooperation between 

nickel and cerium cations. The participation of cerium cations in the redox processes taking 

place during DRM seems to stabilize cationic species of nickel. In a wider outlook of the 

reaction pathway, it is known nickel active sites are responsible for CH4 dissociation, 

leading to CO + H2 formation throughout the desired DRM reaction mechanism, or 

catalyzing carbon deposits formation throughout an undesired pathway. The success of the 

DRM pathway depends on the high interaction between nickel and ceria phases, avoiding 

segregation of nickel crystals with high enough size to catalyze carbon formation. 

4.- CONCLUSIONS 

A NiO-CeO2 DRM catalyst has been presented (8.7 wt% Ni), which consist of mixed 

oxide nanoparticles (122 m2/g; 6–7 nm). These nanoparticles showed catalytic stability 

during 5 h under the severe conditions of DRM (700 ºC), and improved carbon resistance 

Catalyst Ce3+ percentage 
NiO-CeO2 (np) fresh 23% 
NiO-CeO2 (np)  used 11% 
NiO-CeO2 (ref)  fresh 18% 
NiO-CeO2 (ref) used 18% 
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with regard to a counterpart NiO-CeO2 mixed oxide (56 m2/g; average 15 nm) prepared 

without control of the size.  

Both the nanoparticles and the reference catalyst present high activity and selectivity for 

DRM, almost reaching the conversion and ratio of products predicted by thermodynamics 

for the experimental conditions used. Nevertheless, nanoparticles reduced by 63% the 

accumulation of carbon.  

XPS and H2-TPR suggest that the improved carbon resistance of the nanoparticles is related 

to the better interaction and cooperation between NiO and CeO2 mixed phases. In 

nanoparticles, participation of cerium cations in the redox processes taking place during 

DRM seems to stabilize cationic species of nickel. On the contrary, the catalyst prepared 

without control of the size suffered certain segregation of Ni during DRM reaction (while 

not the nanoparticles), and the presence of segregated Ni would be responsible of the 

catalytic formation of carbon.  
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Graphical abstract: 

High surface area NiO-CeO2 nanoparticles (122 m2/g; 6–7 nm) with improved carbon resistance in dry 

methane reforming were prepared. 
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• High surface area NiO-CeO2 nanoparticles have been prepared (122 m2/g; 6-7 
nm). 

• Nanoparticles showed catalytic stability under the severe conditions of dry 
reforming of methane (700 ºC). 

• Nanoparticles reduced by 63% the accumulation of carbon during the DRM tests. 
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