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Abstract 

This work investigates the effect of Ni crystallite size and oxygen vacancies of the 

support on the formation of carbon over Ni/CeO2 catalysts for dry reforming of methane 

at 1073 K. A large crystallite size variation is achieved by using different Ni loading (5 

and 10wt%) and calcination temperatures (673, 873, 1073 and 1473 K). In situ XRD 

and XANES experiments reveal that the increase in calcination temperature increases 

the Ni crystallite size, whereas the amount of oxygen vacancies decreases. The amount 

of carbon formed during DRM increases as Ni crystallite size increases, achieving a 

maximum at around 20-30 nm and then, it continuously decreases. However, carbon 

deposition is negligeable below 10 nm and above 100 nm. For the catalysts with very 

large Ni crystallite sizes, the CH4 dissociation rate is likely so low that carbon species 

formed reacts and carbon accumulation does not take place. However, the oxygen 

vacancies of ceria do not contribute to the carbon removal from the Ni surface due to 

the low metal-support interface on these large Ni particles. 

 

Keywords: CO2 reforming of methane; Biogas; Nickel; Carbon formation; Particle size. 
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1. Introduction 

 The emission of biogas, produced by the anaerobic digestion of organic matter, 

into the atmosphere can contribute significantly to the greenhouse effect. Thus, several 

alternatives for the use of biogas have been proposed such as: (a) hydrogen production 

for proton exchange membrane fuel cells and; (b) energy generation through solid oxide 

fuel cells operating directly with biogas (DIR-SOFC).  

In the first approach, biogas is converted into synthesis gas by the reaction of 

methane with CO2 (DRM), followed by several H2 purification steps (water gas-shift 

reaction, selective partial oxidation, methanation). Concerning DIR-SOFC, biogas is 

reformed on the SOFC anode, producing H2 and CO, without the use of an external 

reformer or purification steps. These systems exhibit high efficiency even in small size 

power generations (<20 kW) and low sensitivity to impurities. In addition, high biogas 

conversions at the anode sides can be achieved due to the H2 consumption by the 

electrochemical reaction [1-4]. However, one of the main challenges of DIR-SOFC is 

carbon deposition on the anode during the operation with biogas, which causes the rapid 

degradation of the DIR-SOFC performance. [5-10].  

Ni-supported materials have been widely used as anodes for DIR-SOFC. 

However, the components of these devices are submitted to calcination at very high 

temperatures (1473 K) during the preparation of SOFC cells. Moreover, the typical 

operating temperature of SOFC cells is 1123 K, even when a catalytic layer (cathode / 

electrolyte / anode / catalyst) is used. These high temperatures employed for the 

synthesis of the cell and for the SOFC operation produces anodes containing large Ni 

particle size, which might be responsible for the deposition of carbon that causes 

deactivation of the anode. According to the literature [11], the presence of large metallic 

particles favors the formation of carbon over metal surface for the methane reforming 
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reactions. Thus, the size of Ni crystallite plays an important role on the formation of 

carbon during the operation of DIR-SOFC fueled with biogas. 

One of the strategies to avoid carbon formation during DRM is the use of anodes 

containing CeO2 as support. This is the so-called low temperature SOFC that operates at 

lower temperatures (873 - 1073 K) [12]. The use of CeO2 as a support for Ni catalysts 

inhibits Ni particle sintering and thus, decreases carbon formation during DRM [13]. 

Furthermore, ceria-based oxides have a high oxygen mobility and participates in the 

dissociative adsorption of CO2 near the metal particles, transferring oxygen to the surface 

of the metallic particle containing carbon deposits. This promotes the carbon removal 

mechanism, inhibiting the deactivation of the catalysts during the DRM reaction [14-18]. 

Marinho et al [13] investigated the effect of the preparation method on the resistance of 

Ni sintering for DRM. According to the authors, when Ni particles were embedded in the 

ceria, there was an increase in the interaction of Ni particles with CeO2 and CeZr, which 

resulted in an increase in the number of oxygen vacancies and stabilization of Ni 

particles. Thus, this material more resistant to carbon deposition and sintering. 

Although several works have investigated the use of Ni supported on ceria-based 

oxides as catalysts for DRM [14,18-21] only few studies have evaluated the 

performance of Ni/CeO2 as a component of anodes for SOFC running on methane and 

CO2 [5-7,22-24]. Unal et al [7] evaluated the performance of Ni1-xCox/GDC catalyst 

layer in methane reforming for SOFC cells and also verified deactivation of catalysts 

during DRM at 1023 K caused by coke deposition. Santoro et al [5] studied Ni-based 

samarium doped ceria catalysts (Ni/SmDC) in DRM for indirect internal reforming of 

SOFC cells. SEM images of used anodes revealed the presence of carbon filaments that 

were responsible for the loss of active Ni sites, which was the main reason for catalysts 

deactivation during DRM. However, the effect of the calcination temperature and Ni 
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particle size on the carbon formation rate for DRM was also not evaluated on these 

studies. 

Thus, the aim of this work is to study the relationship between Ni crystallite size 

and oxygen vacancies of the support with the carbon deposition rate over Ni/CeO2 

catalysts for DRM reaction. Catalysts with different Ni loading (5 and 10wt%) and 

calcination temperature (673, 873, 1073 and 1473 K) were prepared to obtain a wide 

range of Ni crystallite size. in situ X-ray diffraction (XRD) followed the changes in the 

Ni0 crystallite size during reduction. in situ X-ray absorption near edge structure 

(XANES) at Ni K-edge and Ce LIII- edge determined the nickel and ceria reduction 

degree. The nature and the amount of carbon deposited on the catalysts during DRM 

reaction were obtained by scanning electron microscopy (SEM) and temperature-

programmed oxidation (TPO) analysis. The results of this work give insights about the 

design of optimal anodes for the DIR-SOFC fueled with biogas. 
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2. Material and methods 

2.1. Catalysts preparation 

The hydrothermal method was used for the preparation of CeO2 [25,26]. Briefly, 

cerium was precipitated from an aqueous solution containing cerium (IV) ammonium 

nitrate by the addition of an excess of ammonium hydroxide. After precipitation, the 

sample was heated at 453 K for 4h in an autoclave, followed by calcination at 573 K for 

2h in a muffle (CeO2_573). The catalysts were prepared by wet impregnation of the 

precursor CeO2_573 with an aqueous solution of Ni(NO3)2.6H2O to obtain nominal 

loadings of 5 and 10 wt% of Ni. The impregnated samples were dried at 373 K for 24 h 

and then calcined at different temperatures (673, 873, 1073 or 1473K) for 5 h in a 

temperature-programmed muffle furnace with a heating rate of 2 K min−1. The samples 

were denoted as 5Ni/CeO2_673, 10Ni/CeO2_673, 10Ni/CeO2_873, 10Ni/CeO2_1073 

and 10Ni/CeO2_1473. Commercial NiO (Sigma-Aldrich) was used as bulk NiO catalyst 

reference. For comparison, the supports were also prepared by calcination of CeO2_573 

at different temperatures (673, 873, 1073 or 1473K) under the same conditions used for 

the catalysts. These samples were designed as CeO2_673, CeO2_673, CeO2_873, 

CeO2_1073 and CeO2_1473. 

 

2.2. Raman spectroscopy (RAMAN) 

Raman spectra were recorded on a Horiba/Jobin Yvon spectrometer, model 

LabRAM 800 equipped with an Olympus confocal microscope, model BX40, coupled 

to a CCD detector. The excitation wavelength of 632 nm was obtained from a He/Ne 

gas laser.  
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2.3. in situ X-ray diffraction (XRD) 

in situ XRD experiments were performed at the beamline XRD1-D12A of the 

Brazilian Synchroton Light Laboratory (LNLS), Campinas, Brazil. The diffraction 

patterns were obtained with the Mythen-24 detector (Dectris), located in a circle at 760 

mm from the sample. The scanning 2θ range was 10 - 120º, with an acquisition time of 

150 s and a wavelength of 1.0332 Å. The measurements were performed during the 

reduction of the samples under a flow of pure H2 (8 mL.min-1), from 298 K to 1073 K, 

with a heating rate of 10 K.min-1, remaining at the final temperature for 1 h. The 

average size of CeO2, NiO and Ni0 crystallites on the catalysts was estimated from 

Williamson-Hall 's equation that is more appropriated for large crystallites [27,28]:  

 

β(hkl).cos(θ) = 4ε.sin θ + (k.λ/d)      (1) 

 

where β(hkl) is the full width at half maximum of the peak with corrected 

instrumental broadening; θ is the position (angle) of the peak; k is the particle shape 

factor, taken as 0.9; λ is the incident X-ray wave length, ε is the microstrain, calculated 

from the slope of the curve of β.cos(θ) versus 4ε.sin θ and the crystallite size (d) is 

obtained from the interception of the curve with the X axis.  

 

2.4.  X-ray diffraction (XRD) 

XRD experiments were conducted after reduction at 1073K and passivation to 

obtain the crystallite size of Ni0 for 5Ni/CeO2_673 and 10Ni/CeO2_873 catalysts. The 

XRD measurements were performed on a Bruker ASX D8 diffractometer with 

CuKα radiation (λ = 1.5406 Å). The diffraction patterns were collected over the 2θ 

range of 20 to 100° using a scan rate of 0.02 degree step-1 and a scan time of 1 s step-1. 
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The samples were reduced at 1073 K under pure hydrogen (30 mL min-1) for 1 h. Then, 

the catalysts were purged at this same temperature under N2 for 30 min and cooled to 

298 K. Then, the samples were passivated with a 0.5% O2/N2 mixture for 24 h at 298 K. 

 

2.5. in situ X-ray absorption near edge structure (XANES) 

in situ XANES spectra were measured at the D08B‐XAFS-2 and D06A-DXAS 

beamline of the above-mentioned LNLS synchrotron facility. The samples were diluted 

with boron nitride, used as inert, and pressed to obtain a pellet. The XANES spectra 

were collected at the Ce LIII-edge (E0 = 5.723 keV) and Ni K-edge (E0 = 8.333 keV), 

while the samples were reduced under a 5% H2 / He mixture from 298 K to 1073 K (10 

K.min-1), remaining at 1073 K for 1 h. The data were processed through the ATHENA 

software and the fractions of Ce4+/Ce3+ and metallic Ni/NiO were estimated by the 

linear combination of the normalized XANES spectra at the Ce LIII-edge and Ni K-edge, 

using CeO2 and Ce (CH3CO2)3, and NiO and Ni foil as references, respectively. 

 

2.6. Scanning electron microscopy (SEM) 

SEM analyses of the spent catalysts after DRM for 24 h of TOS was performed 

on an INSPECT S/FEI microscope coupled with an X-ray energy dispersive 

spectroscopy (EDS) system from EDAX Genesis. Double-sided copper adhesive tape 

and coated with a platinum film in 2 cycles of 20 mA for 2 min was used, to ensure 

adequate electrical conductivity. 

 

2.7. Temperature-programmed oxidation (TPO) 

TPO was carried out to investigate the formation of carbon on the catalysts 

during the DRM for 24 h of TOS. The amount of carbon deposited on the spent catalyst 
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was measured by using a quadrupole mass spectrometer (Pffeifer, Prisma Plus) coupled 

to the reaction system. After the reaction, the samples were cooled to room temperature 

in He and, subsequently, heated to 1173 K, under a 21% O2: He mixture (70 mL.min-1), 

with a heating rate of 10 K.min-1. During this procedure, CO2 was monitored by the 

mass spectrometer. 

 

2.8. DRM reaction 

The reaction was performed in a quartz reactor at 1073 K and atmospheric 

pressure using a CH4/CO2 molar ratio of 1. Prior to the reaction, the samples were 

diluted with SiC (SiC/catalyst ratio of 1.5) and then reduced under H2 flow (30 mL.min-

1) at 1073 K for 1 h. The effluent gas of the reactor was analyzed using a gas 

chromatograph (Agilent 6890A), equipped with a thermal conductivity detector and a 

Carboxen 1010 column. The conversion of methane and CO2 and the selectivity to 

products were calculated using the following equations: 

 

      (2) 

      (3) 

 

Where i = CH4 or CO2 and  = mols of x produced (x = H2, CO) 



 10 

3. Results and discussion 

3.1. Catalyst characterization 

Raman spectra of CeO2 and Ni/CeO2 samples calcined at different temperatures 

are shown in Fig. 1. The Raman spectra of the supports calcined at different 

temperatures (Fig. 1a) showed one band assigned to the symmetric stretching mode of 

the eight oxygen atoms around the Ce4+ cation characteristic of CeO2 with fluorite 

structure [29-31]. In our work, this band is located at 463 cm-1 (CeO2_673); 464 cm-1 

(CeO2_873); 465 cm-1 (CeO2_1073); 465 cm-1 (CeO2_1473). Decreasing calcination 

temperature decreased the intensity of this band that became broader and asymmetric on 

the low-energy side. These results are attributed to the decrease in ceria crystallite size 

that increases the lattice constant [32]. In the graphic inside Fig. 1a, it is possible to 

identify shoulders at 255 and 590 cm-1 for CeO2_673 sample, which decreases in 

intensity as the calcination temperature increases. The band at 590 cm-1 has been 

attributed to the presence of oxygen vacancies defects created in the lattice of CeO2 with 

small particle size (nanoparticles) [32] or by incorporating of cations into CeO2 [33,34]. 

Spanier et al. [32] reported the Raman spectra from bulk ceria (5 µm) and ceria 

nanoparticles with different crystallite sizes (6.1 to 25 nm). The Raman spectrum of 

bulk ceria did not reveal the presence of this band but decreasing the crystallite size to 

25 nm led to its appearance. Further decrease in the CeO2 crystallite size significantly 

increased the intensity of this band. The decrease in the size of CeO2 nanoparticles is 

accompanied by a significant increase in the lattice parameter, which is associated with 

the reduction of Ce4+ to Ce3+ due to a higher fraction of oxygen vacancies that can be 

accommodated on the high surface area per unit volume of smaller nanoparticles [32]. 

The band at 255 cm-1 is attributed to second-order transverse acoustic (2TA) mode of 

CeO2 with lattice defects [35]. 
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The Raman spectra of the catalysts is displayed in Fig. 1b. All catalysts exhibit 

the band corresponding to the F2g Raman mode observed for the supports at around 463-

465 cm-1. However, the addition of Ni slightly shifted this band to lower frequency in 

comparison to the pure supports except for the sample calcined at 1473 K: 461 cm-1 

(5Ni/CeO2_673); 461 cm-1 (10Ni/CeO2_673); 462 cm-1 (10Ni/CeO2_873); 463 cm-1 

(10Ni/CeO2_1073); 465 cm-1 (10Ni/CeO2_1473). In addition, the band around 550 cm-1 

attributed to oxygen vacancies is more intense and broader with the appearance of 

shoulder at 625 cm-1 for all catalysts except for the sample calcined at 1473 K. In this 

case, oxygen vacancies defects were likely created by the formation of Ce3+ species due 

to the small ceria crystallite size as well as to the incorporation of Ni2+ into ceria lattice 

[33]. The replacement of Ce4+ by Ni2+ atoms lead to the reduction of Ce4+ to Ce3+ and 

the creation of oxygen vacancies to compensate the charge balance. This is the reason 

for the higher intensity of this band on the spectra of catalysts in comparison to the ones 

for the respective supports. The shoulder at 625 cm-1 was attributed to presence of Ce3+ 

or Ni3+ cations in the CeNi solid solution phase [36]. The spectra of the catalysts exhibit 

two bands at low Raman shift: 225 and 262 cm-1. The new band observed at 225 cm-1 on 

the spectra of the samples calcined at 673, 873 and 1073 K is attributed to Ce−OH 

vibrations, which result from the surface defects created by the incorporation of Ni2+ 

into the ceria lattice [33]. 
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(a)  

 

(b) 

 

Figure 1 – Raman spectra for (a) supports and (b) catalysts calcined at different 
temperatures obtained from 200 to 1000 cm-1. Insets provides expanded views of the 
band at 464 cm-1. 
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Therefore, in our work, the Raman spectra suggest that Ni was partially 

incorporated into the ceria lattice, with the creation of oxygen vacancies mainly for the 

samples calcined at 673, 873 and 1073 K. This result has been also reported for the 

addition of different dopants to ceria [37-40].  

Barrio et al. [39] investigated the structural and electronic properties of Ce1-

xNixO2-y samples containing 10 and 20 wt% NiO. Raman spectra revealed a broadening 

and a strong shift of the band at 460 cm-1 for CeO2 to 445 cm-1 for Ce1-xNixO2-y samples. 

These results were attributed to the formation of a solid solution with the insertion of Ni 

into the ceria structure. Yisup et al. [40] also observed the formation of a solid solution 

for Ce1-xNixO2-y samples. Raman spectra showed a shift of the band at 460 cm-1for pure 

CeO2 to lower frequencies for Ce1-xNixO2-y samples (440 cm-1). In addition, it was also 

observed the appearance of well-defined bands at 213 and 564 cm-1, which suggested 

the incorporation of Ni into ceria lattice and the creation of oxygen vacancies.  

In situ XRD experiments were carried out during the reduction under pure 

hydrogen from room temperature to 1073 K for 10Ni/CeO2_673, 10Ni/CeO2_1073 and 

10Ni/CeO2_1473 samples and a physical mixture containing bulk NiO and CeO2 (Fig. 

S1). The X-ray diffraction patterns obtained at selected temperatures are shown in Fig. 

2. The diffractograms recorded between 2θ = 18.2 - 22.5 o and 2θ = 27.6 - 30.2 o are 

shown in Fig. S2 to better follow the evolution of ceria and metallic Ni/NiO phases as 

the reduction temperature increases. 
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      (a)      (b) 

 

 
      (c) 

 

 

Figure 2 - X-ray diffraction patterns obtained for (a) 10Ni/CeO2_673; (b) 

10Ni/CeO2_1073; (c) 10Ni/CeO2_1473 at selected temperatures. 
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The diffractograms of the 10Ni/CeO2_673 showed the displacement of the CeO2 

diffraction lines to lower values of 2θ as the reduction temperature increased. This shift 

in CeO2 diffraction lines during reduction was also reported in the literature 

[13,26,39,41,42] and it was attributed to both the thermal expansion of the lattice and 

the conversion of Ce4+ to Ce3+ species with the creation of oxygen vacancies in the 

CeO2 structure. Since the ionic radii of Ce3+ (1,03 Å) is larger than that one for Ce4+ 

(0,97 Å), the substitution causes the expansion of the lattice, which shifts the diffraction 

lines to lower values of 2θ.  

Barrio et al. [39] attributed this shift to the reduction of a mixed oxide (Ce1-

xNixO2-y), involving the reduction of Ni2+ to Ni0 and Ce4+ to Ce3+. The formation of Ce3+ 

species was responsible for the expansion of the lattice. Recently, this Ce1-xNixO2-y 

phase was also detected by in situ XRD during DRM reaction [43]. In our work, Raman 

spectra of Ni/CeO2 samples revealed the presence of Ce1-xNixO2-y. Therefore, this shift 

on the ceria lines can be attributed to the reduction of Ce4+ present on ceria as well as on 

Ce1-xNixO2-y solid solution.  

When the sample was heated to 529 K, it was also observed a decrease in the 

intensity of the characteristic lines of NiO and the appearance of the line corresponding 

to Ni0, but this line was too broad to measure Ni0 crystallite size. At 587 K, the NiO 

lines were no longer detected, suggesting that Ni was completely reduced at this 

temperature. The increase of temperature to 1073 K led to an increase in the intensity of 

the diffraction lines, suggesting a sintering of CeO2 and Ni0 particles.  

10Ni/CeO2_1073 and 10Ni/CeO2_1473 samples and the physical mixture 

showed similar behavior of the sample calcined at 673 K during reduction. However, 

since these samples presented higher crystallinity, the phase transitions of CeO2 during 

reduction were clearly observed. At 853 K, the diffractograms of these catalysts 
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exhibited the lines corresponding to the Ce11O20 phase with triclinic structure (ICSD-

88758). Increasing temperature to 973 K, the characteristic lines of Ce7O12 phase with 

rhombohedral structure were detected (ICSD-88755). At this temperature, the lines 

characteristic of CeO2 phase were no longer detected. Finally, the CeO1.67 phase with 

bixbyite structure (ICSD-88753) was observed at 1073 K. Therefore, the following ceria 

phase transitions were observed: CeO2 → Ce11O20 → Ce7O12 → CeO1.67.  

The presence of these phases during reduction of CeO2 was also reported by 

Bekheet et al [44]. According to the literature [44-46], the reduction of ceria leads to the 

formation of oxygen vacancies in a disordered manner, distorting the structure. Then, 

the increase of the disorder in the lattice results in the formation of new phases. 

Although the lines characteristic of these phases was not observed on the diffractograms 

during the reduction of 10Ni/CeO2_673, their presence cannot be ruled out. The sample 

calcined at 673 K exhibited low crystallinity, which makes more difficult to distinguish 

these different phases.  

Regarding the Ni species, the appearance of the metallic Ni lines was detected at 

566 K for the 10Ni/CeO2_1073 and 10Ni/CeO2_1473 samples and physical mixture. 

The NiO lines were no longer observed at 623 K (for 10Ni/CeO2_1073) and 769 K (for 

10Ni/CeO2_1473 and physical mixture). Comparing these results with those obtained 

for the sample calcined at 673 K, it was observed that increasing calcination 

temperature decreased the reducibility of NiO crystallites, which according to the 

literature [47] is related to the increase of Ni particles size. As the calcination 

temperature rises, the crystallite size of the NiO increases, requiring higher reduction 

temperatures.  

Fig. 3 shows the variation of NiO and Ni0 crystallite size of Ni/CeO2 catalysts as 

a function of reduction temperature. All catalysts exhibited an increase of the Ni0 
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crystallite size as the reduction temperature was increased to 1073 K but the degree of 

crystallite growth depended on the calcination temperature. For 10Ni/CeO2_673, the Ni0 

crystallite increased from 10 to 20 nm. Ni0 crystallite size grew from 20 to 46 nm for the 

sample calcined at 1073 K and the larger increase was observed for the sample calcined 

at 1473 K (27 to 116 nm).  Marinho et al. [13] also reported a significant growth in the 

metallic Ni crystallite size from 5 to 33 nm during the reduction at 1073 K of a 

10Ni/CeO2 catalyst prepared by incipient wetness impregnation and calcined at 673 K. 

This result was attributed to the sintering of ceria during reduction.  

 
 

Figure 3 – Evolution of NiO and Nio crystallite size during reduction of the catalysts. 

10Ni/CeO2_673: (�) NiO; (�) Nio; 10Ni/CeO2_1073: (�) NiO; (�) Nio; 

10Ni/CeO2_1473: (�) NiO; (�) Nio.  

 

Table 1 lists the Ni0 crystallite size calculated from the diffractograms obtained 

after reduction of Ni/CeO2 catalysts at 1073 K. The diffractograms of 5Ni/CeO2_673 
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and 10Ni/CeO2_873 catalysts after reduction at 1073 K and passivation are shown in 

Fig. S3. 5Ni/CeO2_673 catalyst has the smallest Ni0 crystallite size (10 nm), whereas it 

is two-fold larger for the catalyst containing 10 wt. % of Ni and calcined at the same 

temperature (20 nm). Increasing the calcination temperature significantly increased the 

Ni0 crystallite size from 20 to 116 nm.  

The reduction of ceria and NiO was also monitored by XANES analyses for 

10Ni/CeO2_673, 10Ni/CeO2_1073 and 10Ni/CeO2_1473 samples. The measurements 

were made at the LIII-edge of the ceria and at the K-edge of the nickel under a mixture 

containing 5% H2/He from room temperature to 1073 K. The XANES spectra at the LIII-

edge of ceria during reduction of the samples and DRM reaction are shown in Figs. S4 

and 4.  

Fig. S4 shows the spectra of 10Ni/CeO2 calcined at 673, 1073 and 1473 K during 

reduction and DRM at 1073 K. At 298 K, the spectra exhibited two peaks around 5731 

and 5738 eV, characteristic of Ce4+ species. With the increase in the temperature, the 

intensities of these peaks decreased and a new peak appeared at 5728 eV, indicating the 

reduction of ceria.  

The ceria reduction is followed in more detail in Fig. 4 that shows the spectra of 

references (CeO2 and Ce(CH3CO2)3) and Ni/CeO2 samples at selected reduction 

temperatures. The spectrum of CeO2 exhibited two absorption peaks at 5732 eV (peak 

B) and 5739 eV (peak C) corresponding to the Ce4+ species (Fig. 4a). The peak B is 

assigned to the transition of an electron from the oxygen 2p orbital to the 4f orbital of 

the Ce atom, as well as to the transition of an electron from the 2p orbital of Ce to the 

5d orbital. The peak C corresponds to the absorption into the 5d orbital of Ce while 4f 

orbital is empty. For the spectrum of Ce(CH3CO2)3 reference that is characteristic of the 
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Ce3+ species, a band at 5728 eV (peak B0) was observed. This is related to the electronic 

transitions into the 5d orbitals with 4f orbital occupied [48-51].  

 

Table 1- Crystallite size of Ni0 calculated through X-ray diffraction after reduction at 

1073 K and the rate of carbon deposition during the DRM at 1073 K for 24h TOS for 

this work and from the literature.  

Catalyst RReactions Conditions 
Ni0

 crystallite 

size (nm) 
mgC/(gcat.h) Reference 

5%Ni/CeO2_673* 1073 K, CH4:CO2= 1 10 1.6 Our work 

10%Ni/CeO2_673 1073 K, CH4:CO2= 1 20 20.9 Our work 

10%Ni/CeO2_873* 1073 K, CH4:CO2= 1 28 10.6 Our work 

10%Ni/CeO2_1073 1073 K, CH4:CO2= 1 46 5.9 Our work 

10%Ni/CeO2_1473 1073 K, CH4:CO2= 1 116 0.3 Our work 

10%Ni/CeO2 1073 K, CH4:CO2= 1 33 9.7 [13] 

10%Ni@CeO2 1073 K, CH4:CO2= 1 19 1.6 [13] 

Ni/CeO2 1073 K, CH4:CO2= 1 24 4.8 [20] 

LaNiO3 1073 K, CH4:CO2= 1 46 27.0 [18] 

LaNiO3/Al2O3 1073 K, CH4:CO2= 1 41 7.6 [18] 

LaNiO3/CeSiO2 1073 K, CH4:CO2= 1 28 0.3 [18] 

5%Ni-CeAl 1073 K, CH4:CO2= 1 5 0.0 [15] 

10%Ni-CeAl 1073 K, CH4:CO2= 1 4 0.0 [15] 

10%Ni/CeAl 1073 K, CH4:CO2= 1 11 2.0 [15] 

3%Ni/CeO2-TiO2 1023 K, CH4:CO2= 1 22 0.2 [65] 

7.5%Ni/CeO2-TiO2 1023 K, CH4:CO2= 1 32 4.6 [65] 

10%Ni/CeO2-TiO2 1023 K, CH4:CO2= 1 45 5.1 [65] 

18Ni/CeNb 1073 K, CH4:CO2= 1 32 6.5 [24] 

18Ni/CeZr 1073 K, CH4:CO2= 1 24 9.7 [24] 

*Crystallite size of Nio was calculated after reduction and passivation of samples. 
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Figure 4 – in situ XANES spectra at Ce LIII - edge of references (Ce(CH3CO2)3 and 

CeO2) and catalysts after reduction at selected temperatures: (b) 298 K; (c) 773 K; (d) 

923 K; (e) 1073 K; and (f) after DRM at 1073 K.  
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The XANES spectra of all samples at 298 K showed the peaks B and C, 

indicating the presence of Ce4+ species (Fig. 4b). After reduction at 773 K, the peak B0 

was also observed for the sample 10Ni/CeO2_673 (Fig. 4c). For the samples calcined at 

1073 and 1473 K, a shoulder was detected in this region. These results reveal the 

reduction of Ce4+ to Ce3+, which was more significant for 10Ni/CeO2_673 catalyst. 

Increasing the reduction temperature to 923 K slightly increased the intensity of the 

peak B0 for all catalysts (Fig. 4d). At 1073 K, a strong change in the spectra of all 

samples was observed, indicating the presence of a higher amount of Ce3+ species (Fig. 

4e). After DRM reaction at 1073 K, the spectra of all catalysts remained unchanged 

(Fig. 4f). 

Fig. S5 shows the evolution of the fraction of Ce4+ and Ce3+ species during 

reduction at different temperatures, calculated by the linear combination of Ce LIII edge 

XANES spectra of Ce4+ and Ce3+ references. For 10Ni/CeO2_673 catalyst, the reduction 

of Ce4+ to Ce3+ started at around 450 K and leveled off at 600 K. In the temperature 

range between 600 and 1000 K no significant change in the fraction of Ce4+ and Ce3+ 

species was observed. However, above 1000 K, an increase in reduction of Ce4+ to Ce3+ 

was detected. The same behavior was observed for Ni/CeO2_1073 with the reduction 

starting at 450 K and levelling off at 700K and increasing again at 900K. For the 

catalyst calcined at 1473 K, the reduction was observed only at 1000 K. According to 

the literature [52-54], the reduction of ceria takes place into two regions: (i) the low 

temperature region, which corresponds to the reduction of the surface ceria and (ii) the 

high temperature region that is related to the reduction of bulk ceria. Thus, in this work, 

the reduction at low temperatures (450-900 K) can be attributed to the reduction of 

surface CeO2, while the reduction above 900 K (high temperature) can be associated 

with the reduction of bulk CeO2. The contribution of each temperature region depends 
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on the surface area of CeO2 [52]. Therefore, the higher reducibility of the sample 

calcined at 673 K can be attributed to its higher surface area, which leads to the 

presence of a larger amount of surface ceria. On the other hand, for the sample calcined 

at 1473 K, only the bulk cerium oxide was present due to its low surface area. Then, the 

reduction occurs only at high temperatures. Fig. S5 also shows the fraction of Ce4+ and 

Ce3+ species during DRM reaction at 1073 K for 1h. The fraction of Ce4+ and Ce3+ 

species after reduction and reaction remained approximately constant, indicating that no 

oxidation of the support was observed in the presence of the feed containing CO2. 

Table 2 lists the fraction of Ce3+ species obtained for all catalysts after reduction 

at 1073 K and DRM reaction at 1073 K. The sample calcined at lower temperature 

exhibited the highest fraction of Ce3+ species (56%). The increase in the calcination 

temperature led to a decrease in the fraction of Ce3+ species, which was 48 and 38 % for 

10Ni/CeO2_1073 and 10Ni/CeO2_1473 catalysts, respectively. Taking into account the 

results presented above, it can be concluded that increasing calcination temperature 

decreased the reducibility of CeO2. However, the fraction of Ce3+ species remained 

approximately unchanged during the reaction. 

 

Table 2- Ce3+ molar fraction calculated by the linear combination of Ce LIII-edge 

XANES spectra of the catalysts. 

Catalysts Ce+3 molar fraction (%) 

 Reduction Reaction 

10Ni/CeO2_673 56 58 

10Ni/CeO2_1073 48 50 

10Ni/CeO2_1473 38 38 
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Fig. S6 shows XANES spectra at the Ni K-edge during reduction of the 

10Ni/CeO2 samples calcined at 673, 873 and 1073 K. The XANES spectra at the Ni K-

edge of references (NiO and Ni foil) and after reduction of 10Ni/CeO2_673, 

10Ni/CeO2_1073 and 10Ni/CeO2_1473 catalysts at selected temperatures are shown in 

Fig. 5.  

(a)              (b) 

 

 

(c)      (d) 

 

   (e) 
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Figure 5 – in situ XANES spectra at the Ni K-edge of (a) references (NiO and Ni foil) 

and after reduction of 10Ni/CeO2_673, 10Ni/CeO2_1073 and 10Ni/CeO2_1473 catalysts 

at selected temperatures: (b) 298 K; (c) 773 K; (d) 973 K; (e) 1073 K. 

 

At room temperature (Fig. 5b), the spectra obtained for all 10Ni/CeO2 samples 

exhibited a peak at 8352 eV characteristic of NiO. As the reduction temperature 

increased, the intensity of this peak decreased, indicating the reduction of Ni2+ species 

to Ni0. After reduction at 773 K (Fig. 5c), the spectra of the 10Ni/CeO2_673 and 

10Ni/CeO2_1073 samples are similar to that of the metallic Ni foil, indicating the 

complete reduction of NiO at this temperature. The spectrum of the 10Ni/CeO2_1473 

sample did not change significantly, suggesting the presence of Ni2+ species yet. A 

strong change in the spectra of 10Ni/CeO2_1473 sample was observed after reduction at 

973 K, indicating the occurrence of the reduction of nickel oxide (Fig. 5d). However, 

the presence of Ni2+ species can still be detected. Spectra of all samples reduced to 1073 

K show complete reduction of Ni oxide (Fig. 5e). 

In order to evaluate the degree of NiO reduction as a function of temperature, the 

linear combination between the XANES spectra of the samples and the NiO and 

metallic Ni foil spectra was performed (Fig. S7). 

The results obtained showed that the calcination temperature affected the initial 

reduction temperature of NiO. The reduction of NiO began at 320, 480 and 570 K, for 
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10Ni/CeO2_673, 10Ni/CeO2_1073 and 10Ni/CeO2_1473 catalysts. The temperature 

necessary for the complete reduction of NiO was 750 K (for 10Ni/CeO2_673); 800 K 

(10Ni/CeO2_1073) and 1000 K (10Ni/CeO2_1473). These results revealed that the 

kinetic for the reduction of large NiO particles is slower than that for small particles 

[55,56]. Gonzalez-Dela Cruz et al [57] also observed that NiO was only completely 

reduced at high temperature (823 K) for 26 wt.% Ni/CeO2 catalyst calcined at 1023 K, 

using XANES analyses at the K-edge of Ni.  

Thus, in the present work, the XANES results are in agreement with the in situ 

XRD analyses and confirm that increasing calcination temperature increased the 

temperature required for complete nickel oxide reduction.  

Furthermore, the reduction of NiO affected the reduction of ceria, which 

depends on the metallic Ni crystallite size. Fig. S8 shows the evolution of Ni and Ce 

species fraction as a function of reduction temperature. For 10Ni/CeO2_673 and 

10Ni/CeO2_1073 samples, the reduction of NiO is accompanied by the reduction of 

surface ceria. These results suggests that after the formation of metallic Ni particles, 

hydrogen is activated on the Ni surface and by spillover it migrates to the support, 

which promotes the reduction of ceria located on the surface. On the other hand, this 

mechanism does not take place on the catalyst calcined at higher temperature. For the 

10Ni/CeO2_1473, surface ceria is not reduced that is likely due to the low contact 

between the large Ni0 crystallites and the support as well as the low surface area of the 

catalyst. The reduction of bulk ceria occurs at the same temperature for all catalysts 

(above 900 K), regardless the Ni crystallite size.  
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3.2 Catalytic tests 

The methane and CO2 conversions and the H2/CO molar ratio as a function of 

time on stream (TOS) obtained for the CO2 reforming of CH4 at 1073 K are shown in 

Fig. 6. The catalysts exhibited initial methane and CO2 conversions around 57-71 and 

68-79%, respectively. 5Ni/CeO2_673 and the catalysts containing 10 wt% Ni calcined at 

673, 873 and 1073 K slightly deactivated during TOS, whereas 10Ni/CeO2_1473 

catalyst underwent a more significant drop in CH4 and CO2 conversions at the 

beginning of reaction. A bulk NiO catalyst was also tested as reference and the result 

obtained was similar to the one for 10Ni/CeO2_1473 catalyst. 

Regarding the selectivity to products, H2, CO and H2O were detected for all 

catalysts. Furthermore, the values of initial H2/CO molar ratios were between 0.94-0.81 

for all catalysts and remained constant during 24 h of TOS. H2/CO molar ratio values 

lower than 1.0, CO2 conversion higher than CH4 conversion, and water formation 

indicate the occurrence of the reverse water gas shift reaction, as reported in the 

literature [58-60]. 
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Figure 6 – Methane and CO2 conversion and H2/CO ratio versus TOS for CO2 

reforming of methane at 1073K for the catalysts: (�) 5Ni/CeO2_673; (■) 

10Ni/CeO2_673; (�)10Ni/CeO2_873; (�)Ni/CeO2_1073; (▲)Ni/CeO2_1473; (⊳) NiO.  

 

Since one of the main causes of deactivation of the catalysts on dry reforming of 

methane is related to carbon deposition, the catalysts were characterized after reaction 

for 24 h of TOS using scanning electron microscopy (SEM) and programmed oxidation 

temperature (TPO) to investigate the formation of carbon deposits. 

Fig. 7 presents SEM images of catalysts calcined at different temperatures after 

dry reforming of methane. The results obtained showed the presence of carbon 
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filaments for the samples calcined at the 673 K and 1073 K. However, no carbon 

filaments were detected for the sample calcined at 1473 K.  

 
 

 
 

Figure 7 – SEM images of catalysts after DRM at 1073 K for 24 h: (a) 10Ni/CeO2_673; 

(b) 10Ni/CeO2_1073; (c) 10Ni/CeO2_1473. 

 

According to the literature [11,61-63], the formation of carbon filaments occurs 

by the decomposition of methane over metallic Ni crystallites. This carbon diffuses 

through the metal particle and the accumulation of carbon on the Ni particle leads to 

filament growth. Since the Ni particle is at the top of the filament, the catalyst remains 

active during the reaction. Thus, although carbon filaments were detected on samples 

calcined at 673 and 1073 K, no significant deactivation was observed during TOS.  

The TPO profiles obtained for the Ni/CeO2 catalysts and bulk NiO after DRM 

for 24 h of TOS are shown in Fig. S9. TPO profiles of 10Ni/CeO2 catalysts calcined at 

(a) (b)
(c)
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673, 873 and 1073 K showed intense peaks of CO2 at around 902 - 912 K. From the 

graphic inside Fig. S9, it is also possible to notice peaks of CO2 with low intensity 

around 865-951 K for 5Ni/CeO2_673, 10Ni/CeO2_1473 and bulk NiO. The 

5Ni/CeO2_673 and 10Ni/CeO2_673 catalysts also exhibited a peak and a shoulder at 

around 724 K, respectively. The peaks in the TPO profile of spent catalysts after DRM 

have been attributed to the oxidation of different types of carbon: amorphous carbon, 

carbon filaments and graphite [64]. The characteristic temperature range for the 

oxidation of each type of carbon structure varies widely in the literature depending on 

the reaction and TPO experimental conditions used. Therefore, TPO analyses of well-

defined carbonaceous structures (amorphous carbon, multi-wall carbon nanotube - 

MWNT, graphite) were performed to make the assignment of TPO peaks. The TPO 

profiles of these references are shown in Fig. S10. For the amorphous carbon, an 

oxygen uptake is observed between 623 and 823 K with a peak at 811 K. The TPO 

profile of MWCNT exhibited a peak at 873 K, whereas the oxidation of graphite takes 

place at high temperature (above 923 K). Then, the TPO profile of our spent catalysts 

revealed the presence of CO2 formation below 823 K (5Ni/CeO2_673 and 

10Ni/CeO2_673) attributed to oxidation of amorphous carbon, peaks between 823 - 

923K associated with the oxidation of carbon filaments and oxidation of graphite above 

923 K [13,18,64]. The formation of carbon filaments is in agreement with SEM images. 

Graphite was the main carbon species formed over bulk NiO. 

Recently, Damaskinos et al. [65] reported a strong relationship between the Ni 

particle size and the type of carbon formed for DRM over Ni supported on CeO2-TiO2. 

Amorphous carbon was preferentially formed on the surface of small Ni particles, 

whereas carbon nanotubes were mainly produced on large Ni particles. The same result 

was observed in our work. Both catalysts calcined at 673 K with smaller Ni particle size 
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showed the formation of amorphous carbon on the surface of Ni particles. Ni/CeO2 

catalysts with Ni particle size larger than 10 nm exhibited mainly the formation of 

carbon nanotubes but graphite was also observed in minor amount in our work.  

From the TPO profiles, the carbon formation rate during the DRM reaction was 

calculated and the values are presented in Table 1. The carbon deposition rate was lower 

over 5Ni/CeO2_673, 10Ni/CeO2_1473 and NiO, while the higher quantity of carbon 

formed was detected for 10Ni/CeO2_673. Then, the carbon formation rate (mgC/(gcat.h)) 

followed the order: 10Ni/CeO2_673 (20.9) > 10Ni/CeO2_873 (10.6) > 10Ni/CeO2_1073 

(5.9) > 5Ni/CeO2_673 (1.6) > 10Ni/CeO2_1473 (0.3) ≈ NiO (0.2).  

Table 1 also reports carbon formation rates for the DRM over different ceria-

supported Ni catalysts from the literature [13,15,18,20,24,65]. The Ni crystallite size of 

the catalysts is also listed for comparison. There are several studies in the literature that 

report the amount of carbon formed during DRM over different catalysts and reaction 

conditions [13,15,18,20,24,65]. However, only few works describe the dependency of 

Ni crystallite size and the carbon formation rate for DRM over Ni-based catalysts. 

Supported LaNiO3 derived catalysts [18] and Ni embedded on ceria-based supports [13] 

showed a continuous increase in the carbon formation rate as the Ni crystallite size 

increased (28 to 46 nm and 19 to 33 nm, respectively) after DRM at 1073 K. 

Damaskinos et al. [65] measured the rate of carbon formation for Ni/CeO2-TiO2 

catalysts with different Ni content (3, 7.5 and 10 wt.%) after DRM at 1023 K during 12 

h. The carbon formation rate sharply increased when the Ni particle size increased from 

26.2 nm to 33.2 nm and thus, it leveled off for Ni particle size of 50 nm. Therefore, the 

relationship between carbon formation rate versus Ni crystallite size depends on the 

catalysts composition and preparation synthesis and reaction conditions.  
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According to the mechanism proposed in the literature for the carbon formation 

on hydrocarbon reforming reactions [11,61-63], initially, highly reactive carbon species 

(Cα) are produced from the dissociation of methane on the metallic nickel surface. Cα 

species can undergo gasification, forming CO. However, if the gasification rate is low 

or if excess of Cα species is formed, carbon may polymerize, generating Cβ species. 

These species are less reactive and may lead to the occurrence of: (i) particle 

encapsulation, causing catalyst deactivation, or (ii) carbon filaments formation, which 

occurs through the dissolution of Cβ species into nickel particles. The formation of 

carbon filaments does not cause an immediate deactivation of the catalyst as the metal 

particle surface remains free for reaction. In this mechanism, the size of nickel particles 

plays an important role on nucleation and growth of carbon filaments. The initiation 

step for carbon formation is more difficult for smaller particle sizes. There is a critical 

ensemble size, required for the carbon formation. Steam reforming requires ensembles 

of 3−4 atoms, whereas carbon formation needs 6−7 atoms. Therefore, it would be 

necessary to keep the size of Ni crystallites smaller than this critical size to avoid carbon 

formation [11]. The presence of large Ni crystallites would favor the growth of carbon 

filaments and carbon deposition. Vogt et al. [66] also reported a structure sensitivity for 

the formation of carbon deposits over silica supported Ni catalysts for DRM at 873 K. 

Increasing the Ni particle size from 1.2 to 6.0 nm increased the rate of carbon formation. 

They proposed that the formation of carbon occurs faster on the large particles 

containing highly coordinated sites. Bengaard et al. [67] also found that decreasing the 

Ni crystallite size decreases the rate of carbon formation and increases the initial 

temperature of carbon formation. Therefore, the support strongly influences the onset of 

carbon accumulation and this will happen faster on supports with low interaction with 

metal particle such as silica. 
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Fig. 8 shows the variation of carbon formation rate over Ni/CeO2 catalysts for 

DRM during 24 h of TOS as a function of crystallite size of metallic Ni in this work. 

The rate of carbon formation increased as Ni crystallite size increased, achieving a 

maximum at around 20-30 nm and then, it continuously decreased up to 133 nm. 

Therefore, there is a critical Ni crystallite size for the formation of carbon during DRM 

reaction over Ni/CeO2 catalysts, in which the maximum amount of carbon is formed.  

 

 
 

Figure 8- Carbon formation rate for DRM during 24 h of TOS as a function of Ni 

crystallite size after reduction at 1073 K for 1h. 

 

The same results have been reported for the reaction of decomposition of 

methane for the production of carbon nanotubes and hydrogen [68-70]. Chen. et al. [70] 

studied the performance of Ni catalysts supported on hydrotalcites, CaAl2O4 and α-

Al2O3 for methane decomposition reaction. They observed that carbon formation is 

favored when the size of the metal particles is between 20 and 40 nm. According to 
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them, the optimum Ni crystallite size for carbon filament formation is 34 nm. They also 

concluded that carbon deposition is inhibited for Ni particles smaller than 10 nm and for 

very large particles (220 nm). Toebes et al. [71] also did not detect the formation of 

carbon during methane decomposition over bulk NiO. According to them, the carbon 

filament growth is related to the balance between rates of methane dissociation and 

diffusion through the metal particle and the rate of nucleation and formation of the 

graphite layers. The unbalance between these rates inhibits the filament growth. Thus, 

carbon filament formation is only possible when all these steps are in equilibrium. 

Our results obtained for DRM agrees very well with those for the decomposition 

of methane reaction. In fact, the decomposition of methane is the first step on the 

mechanism of CO2 reforming of methane reaction. Damaskinos et al. [65] suggested 

that methane decomposition is the main reaction pathway for carbon deposition as the 

Ni particle size increased from 22 to 45 nm over Ni/CeO2-TiO2 catalysts.  

Fig. 8 reveals the existence of a window for carbon formation during the DRM: 

below 10 nm and above 100 nm carbon deposition is negligible. In general, the few 

works that investigate the effect of Ni particle size on carbon formation rate for DRM 

[8,13,65,66] do not evaluate the performance of catalysts with very large Ni particle size 

(above 100 nm), which is typical of the anodes for SOFC [72]. The results of our work 

demonstrate that Ni-based SOFC anodes may operate with very low carbon deposition 

during DRM since very large Ni particles are formed during anode synthesis and 

reduction. 

Furthermore, a support with redox properties such as ceria, often plays a key role 

on the DRM reaction. The highly reactive carbon species (Cα) formed may reacts with 

oxygen from the support producing CO and creating oxygen vacancies [13,17,18]. The 

oxygen vacancies are replenished by the dissociative adsorption of CO2 on the support. 
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Therefore, the support participates on the mechanism of carbon removal, keeping the 

metal surface free of carbon deposits. The unbalance between the methane 

decomposition rate and the reaction rate of carbon with oxygen from the support will 

lead to the accumulation of a less active carbon (Cβ) that may also migrate into the 

nickel particle producing carbon filaments. However, the effectiveness of the carbon 

removal mechanism also depends on the metal-support interaction and thus, on the 

metal particle size. A higher metal-support interface favors the oxygen migration from 

the support to the metal surface and then, suppress or reduces the accumulation of 

carbon. Therefore, this mechanism is promoted on highly dispersed metal particles over 

supports with redox properties such as ceria or ceria-zirconia mixed oxides. Vogt et al. 

[66] also pointed out that the size of metal nanoparticles affects the metal-support 

interaction and, consequently, different growth mechanisms for carbon nanotubes may 

take place.  

Therefore, the higher amount of oxygen vacancies of the ceria support calcined 

at 673 K and the smaller Ni crystallite size on the 5Ni/CeO2_673 catalyst leads to a 

lower carbon formation rate. Increasing the Ni crystallite size to 20 nm reduces the 

metal-support interface and increases the carbon formation rate. For 10Ni/CeO2_673 

catalyst, the rate of oxygen transfer from the support to the metal surface is not enough 

to counter balance the rate of methane decomposition, and carbon accumulates on the 

surface, in spite of the large amount of oxygen vacancies observed on this catalyst. 

Once the carbon filaments are formed, the Ni particles are separated from the support, 

losing the metal-support interface required for the oxygen transfer and the mechanism 

of carbon removal does not take place any longer. For the 10Ni/CeO2_1473, the large 

crystallite size likely leads to a low methane decomposition rate and then, the carbon 

species formed have time to react with CO2 from the feed, avoiding carbon deposition 
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even with low density of oxygen vacancies. It is important to stress that the contact 

between the very large particles and the support is very low as revealed by in situ 

XANES experiments, which limits the migration of oxygen from the support to the 

metal surface. These results reveal that the support plays an important role on the 

mechanism of carbon removal during DRM when small metal particles are present but it 

is not effective for large metal particles. Damaskinos et al. [65] also reported that the 

contribution of oxygen from the support to the carbon mechanism removal decreases 

with the increase in Ni particle size. Djinovic and Pintar [73] also found that significant 

carbon formation occurs over large NiCo particles regardless the amount of oxygen 

vacancies of the CeZrO2 support. Djiinovic et al. [74] listed the conditions required for 

DRM without carbon deposition over a bimetallic NiCo catalyst: (i) a redox support 

such as CeZrO2 with small crystallite size and high oxygen mobility and (ii) highly 

dispersed NiCo particles to assure a large interface and a strong interaction between the 

metal and support. Therefore, for the large Ni particles characteristic of the anodes of 

SOFC prepared by calcination at high temperature, the redox properties of the support 

do not improve the resistance of the anodes to carbon formation during DRM reaction 

due to the reduced metal-support interface that limits the migration of oxygen from the 

support to the surface of metal particles. The same results were reported for SOFC 

single cells containing ceria-based catalysts and running on internal ethanol reforming 

[72]. 

 

4. Conclusions 

This study investigated the relationship between the Ni particle size and the type 

and amount of carbon formed over Ni/CeO2 catalysts for DRM at 1073 K. Furthermore, 
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the role of a support with redox properties such as CeO2 on the mechanism of carbon 

formation for Ni-based catalysts with different particles size was also evaluated. 

Ni/CeO2 catalysts with different Ni loading (5 and 10wt%) and calcination 

temperature (673, 873, 1073 and 1473 K) were prepared to obtain a wide range of Ni 

crystallite size. In situ XRD and XANES experiments revealed that the calcination 

temperature affected differently the Ni crystallite size and the number of oxygen 

vacancies. Increasing the calcination temperature increased the Ni crystallite size, 

whereas the reducibility of ceria decreased.  

The type and the rate of carbon formation during DRM depended on the Ni 

crystallite size. Both catalysts calcined at 673 K with smaller Ni particle sizes showed 

the formation of amorphous carbon on the surface of Ni particles. Ni/CeO2 catalysts 

with Ni particle size larger than 10 nm exhibited mainly the formation of carbon 

nanotubes. The rate of carbon deposition increased as the Ni crystallite size increased, 

achieving a maximum at around 20-30 nm and then, it continuously decreased. 

However, carbon deposition was negligeable below 10 nm and above 100 nm. These 

results suggest that methane decomposition is the main reaction pathway for carbon 

deposition over Ni/CeO2 catalysts for DRM. For the catalysts with very large Ni 

crystallite sizes (10Ni/CeO2_1473 and bulk NiO), the CH4 dissociation rate is likely so 

low that carbon species formed reacts and carbon accumulation does not occur. These 

results demonstrate a structure sensitivity of the formation of carbon deposits for DRM 

reaction. 

Most of the studies in the literature report different strategies to produce small 

Ni particles, which inhibits the deposition of carbon during DRM. However, our work 

demonstrated that the severe synthesis conditions used on the anode fabrication render 

this approach inefficient. Therefore, Ni-based SOFC anodes may operate without 
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significant carbon deposition during DRM since very large Ni particles are formed 

during anode synthesis. On the other hand, the oxygen mobility of ceria does not 

contribute to the carbon removal mechanism from the Ni surface due to the low metal-

support interface on these large Ni particles. 
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