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Abstract 

Biogas has emerged as renewable source of CH4 towards energy decarbonization in 

recent years. Among the biogas valorization routes, the dry reforming of methane (DRM) 

process is particularly interesting for H2 production. However, the development of new catalysts 

with high metal dispersion and coke resistance is a significant challenge, particularly under 

industrial condition. Therefore, this work studies the performance of Ni@CexZr1-xO2 catalysts 

with different Ce/Zr molar ratios for the dry reforming and bi-reforming of methane reactions. 

The addition of Zr promotes the Ni dispersion and the oxygen mobility of the support, leading 

to enhanced resistance to coke formation. Additionally, H2O suppresses coke formation under 

high CH4/CO2 molar ratio, but catalyst deactivation is still observed. Finally, an optimal Ce/Zr 

molar ratio (i.e., 4.0) is achieved, demonstrating remarkable resistance to coke formation and 

high CH4 and CO2 conversion rates through the control of Ni particle size and the promotion of 

oxygen mobility. 

 

Key words: Ni-embedded; Ceria; Ceria-Zirconia; Bi-reforming; Methane Dry Reforming; CO2 

reforming of CH4; Biogas. 
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1. Introduction 

The increase in global energy demand, associated with environmental issues and 

geopolitical aspects related to the availability of fossil fuels, has driven the development of new 

technologies for alternative fuel production, such as hydrogen [1]. Nowadays, the industrial 

production of hydrogen is extremely dependent on the availability of natural gas around the 

world, where around 80% of the hydrogen produced is from steam reforming of natural gas [2]. 

Therefore, there is an urgent need to develop sustainable production of H2 using alternative 

feedstocks such as biogas. 

Biogas is produced by the anaerobic digestion of biomass and is composed mainly of 

CH4 and CO2, whose composition varies depending on the feedstock [3]. Among the different 

processes for hydrogen production from biogas, the dry reforming of methane (DRM) reaction 

(Eq.1) is particularly attractive since CH4 and CO2 are already present in the biogas 

composition, and it has gained much more attention in recent years [4–6]. 

 

CH4 + CO2 → 2CO + 2H2           ΔH° 
298 = + 248 kJ/mol        (1) 

 

The DRM is a highly endothermic reaction, and thus, it is performed at high 

temperatures (above 700°C) to achieve high conversion rates. Generally, Ni-based catalysts are 

used due to their high activity and low cost. However, under these severe reaction conditions, 

catalyst deactivation is an issue [4,7]. Catalyst deactivation may occur through three routes: (i) 

the sintering of Ni particles at high temperatures, decreasing the number of active sites for the 

reaction; (ii) the formation of coke through the decomposition of CH4, leading to the blockage 

of active sites; and (iii) the oxidation of metallic Ni particles [8,9]. 

Some improvements in catalyst performance can be achieved by adjusting the operating 

conditions, such as the addition of steam to facilitate the bi-reforming reaction (BRM). A high 
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steam-to-carbon ratio accelerates carbon gasification, reducing coke formation. However, the 

high cost of steam generation reduces the economic viability of the process [10]. Therefore, the 

development of the DRM process on a commercial scale is primarily focused on designing new 

Ni-based catalysts resistant to deactivation. 

Redox supports have been extensively used to enhance catalyst stability. The high 

oxygen mobility of these supports contributes to carbon gasification, inhibiting coke 

accumulation on the catalyst surface. A two-step mechanism has been proposed to explain the 

DRM reaction, involving the occurrence of CH4 decomposition on metal particles and CO2 

dissociation on oxygen vacancies of the support simultaneously [11–13]. Rabelo-Neto et al. 

[13] investigated the performance of Ni/SiCeO2 catalysts for DRM. In situ XPS experiments 

showed a continuous change in ceria oxidation states between Ce4+ and Ce3+ under reaction 

conditions. This resulted in a high oxygen mobility of the ceria support, which reacts with 

carbon, inhibiting the formation of nickel carbide and consequently the nucleation and growth 

of carbon filaments. Vasiliades et al. [14] studied the effect of ceria morphology on the 

performance of Ni/CeO2 catalysts for DRM. Ni supported on nanorod ceria exhibited a lower 

activation energy for bulk oxygen diffusion and higher oxygen supply to the surface than 

Ni/CeO2 nanopolyhedra. Therefore, controlling CeO2 morphology is responsible for promoting 

the carbon gasification rate and improving catalyst stability. 

Another approach to increase the availability of oxygen vacancies in the catalyst is the 

use of metal dopants into CeO2 structure through the formation of a solid solution [15–17]. Tu 

et al. [17] used a two-step hydrothermal process to synthesize Ni/CeZrO2 (Ce/Zr = 1.0) catalyst 

with high oxygen storage capacity (OSC). As a result, the catalyst exhibited high coking 

tolerance during 16 hours of reaction at high CH4 and CO2 conversion rates (>80%). 
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In addition to the oxygen mobility in the support, special attention has been devoted to 

controlling Ni particle size during catalyst synthesis and the DRM reaction. It is well known in 

the literature that coke deposition originating from CH4 decomposition is promoted over large 

Ni particles [18–20]. Vogt et al. [18] 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 carbon formation 

occurs faster on the large particles containing highly coordinated sites. Da Fonseca et al. [19] 

controlled the rate of carbon formation over Ni/CeO2 catalysts for DRM by tuning Ni crystallite 

size and oxygen vacancies of the support. The rate of carbon deposition increased as the Ni 

crystallite size increased, achieving a maximum at around 20-30 nm and then continuously 

decreased. However, carbon deposition was negligible below 10 nm and above 100 nm. 

Therefore, several studies have been dedicated to design catalysts resistant to Ni 

sintering using different catalyst preparation methods such as the exsolution of metal 

nanoparticles from perovskites [21] and metal nanoparticles immobilized into mesoporous 

support [22]. More recently, the development of encapsulated catalysts has attracted more 

attention, as this unique structure (core-shell) combines the advantage of the confinement effect, 

isolating the Ni particles, with the high interaction between the active phase and the support 

[23–26]. Meng et al. [23] developed a Fe-Ni alloy material encapsulated into an SBA-15 

mesoporous silica framework for the DRM reaction. This tailored material exhibits higher 

catalytic activity compared to Fe-Ni supported over amorphous SiO2 due to the small Ni-Fe 

particle size within SBA-15 mesoporous, around 4 nm measured by TEM. Ni@SiO2 catalysts 

with a core-shell structure were synthesized by the water-in-oil microemulsion method [25]. 

The Ni nanoparticles with diameters around 5 nm were obtained after hydrogen reduction at 

750°C. The core-shell Ni@SiO2 catalysts exhibited higher catalytic performance and stability 

for CO2 reforming with methane reaction than the conventional supported Ni/SiO2 catalysts, 
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which were attributed to the confinement effect of the core-shell structure in limiting the 

sintering of Ni nanoparticles, the stronger metal-support interaction in stabilizing the catalyst 

structure, and the small Ni nanoparticles in minimizing the carbon deposition on the Ni@SiO2 

catalysts. 

However, the preparation of core-shell catalysts is still challenging with several issues 

related to (i) the complexity of the preparation method involving several steps  and expensive 

reactants; (ii) these methods lack reproducibility [27]. In our previous works [28–30], we 

developed an inexpensive method for the synthesis of Ni and Pt-based catalysts that produces 

metal nanoparticles embedded into ceria support. This is the so-called "sandwiched multi-core–

shell structure”, which does not correspond to the typical core–shell material synthesis but the 

embedded structure has properties similar to them [27]. The carbon formation rate was 

significantly reduced for the Ni@CeO2 catalyst and completely suppressed over the 

Ni@Ce0.8Zr0.2O2 catalyst. The improved stability of the catalysts prepared by this method was 

attributed to the high resistance to sintering of the Ni nanoparticles embedded in the ceria and 

ceria-zirconia mixed oxide supports with high oxygen mobility. 

In this work, the Ce/Zr molar ratio of Ni@CexZr1-xO2 catalysts will be varied (Ce/Zr 

molar ratio = 4.0, 1.0, 0.25), and a relationship between the structure of embedded catalyst, 

ceria reducibility, oxygen mobility, and resistance to carbon formation with catalytic 

performance will be established. Despite the large number of papers dealing with the effect of 

Ce/Zr molar ratio on the performance of catalysts prepared by traditional methods, there are no 

works in the literature involving the embedded catalyst. Furthermore, the more stable catalyst 

was evaluated under different reaction conditions, such as CH4/CO2 molar ratio and steam 

addition in order to simulate the variation of such parameters as found in a real biogas stream. 

 

 

2. Experimental 
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2.1. Catalysts preparation 

The Ni@CeZrO2 (X) catalysts, where X is the Ce/Zr molar ratio, were prepared by the 

sol-gel method described previously [30]. First, a solution of cerium nitrate (1.7 mol L-1) was 

prepared, followed by the addition of an appropriate amount of nickel nitrate to obtain 10 wt% 

Ni in the catalyst. Then, a solution of zirconyl nitrate was added to prepare three different 

catalysts with Ce/Zr molar ratios equal to 4.0, 1.0, and 0.25. In another beaker, 25 mL of citric 

acid solution (6.7 mol L-1) was prepared to obtain a citric acid/metals molar ratio equal to 1.0. 

Finally, both solutions were mixed and stirred for 2 hours at room temperature to promote gel 

formation. The solution was then heated at 70 °C under vacuum to remove water and dried at 

100 °C overnight in an oven. Calcination occurred in two steps using a heating rate of 1 °C/min: 

(i) from 25 to 300 °C, maintained at this temperature for 2 hours; (ii) from 300 °C up to 400 °C, 

maintained for 4 hours. The catalysts were denominated as Ni@CeZrO2 (4), Ni@CeZrO2 (1), 

and Ni@CeZrO2 (0.25). 

 

2.2. Catalysts characterization 

2.2.1. X-ray fluorescence (XRF) 

The amount of Ni and the Ce/Zr molar ratio in the catalysts were determined by X-ray 

fluorescence spectroscopy, using a RIGAKU RIX-3100 spectrometer. 

 

2.2.2. N2 physisorption 

The specific surface area of the reduced samples was measured by N2 adsorption 

adopting the Brunauer, Emmett and Teller (BET) model. Firstly, the samples were treated under 

pure hydrogen (30 mL min-1) from 25 up to 800 °C, simulating the temperature reaction. The 

analysis was performed in a Micromeritics Tristar 3000 apparatus at – 196 °C. The samples 

were previously degassed at 300 °C under vacuum for total cleaning of the surface. 
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2.2.3.  X-ray diffraction (XRD) 

In situ X-ray diffraction was performed in a Bruker D8 Advance X-ray powder 

diffractometer operated at 40 kV and 40 mA, using CoKα radiation (λ = 1.7903 Å), equipped 

with a Position Sensitive Detector, VANTEC-1, kβ filter (Ni), used in scanning mode. The 2θ 

range analyzed was 10 to 80°, step of 0.05°, step time equal to 2 s. The samples were reduced 

under a flow of 10 % H2/He mixture and the XRD patterns were collected at different 

temperatures (room temperature, 300 °C, 500 °C, 800 °C). The average crystallite size of CeO2 

was calculated using the Scherrer’s equation (Eq. 1), considering the width at half maximum 

value obtained in the most intense line of CeO2 (2 = 28.6o), k = 0.9 (spheric particles) and 

λ = 0.1540 nm (CuKα X-ray source). The CeO2 lattice parameter was determined using 

equation 2. 

 

d = 
k . λ

β . cos θ
                                                                  (1) 

 

𝑎 =  √𝑑2 . (ℎ2 + 𝑘2 + 𝑙2)                                                 (2)

   

 

Ex situ X-ray diffraction was performed in a RIGAKU diffractometer using CuKα 

radiation (λ = 1.5406 Å). The calcined samples were previously reduced with pure hydrogen 

(30 mL min-1) at 800 °C for 1h, followed by purge with N2 (30 mL min-1) during 30 min at the 

same temperature. Then, the reactor was cooled down to room temperature and immersed in an 

isopropyl alcohol/liquid nitrogen bath to decrease the temperature to -65 °C. At this 

temperature, the catalyst was passivated with a 5% O2/N2 mixture during 1h. The patterns were 

collected over the range 10° to 90° using a scan rate of 0.02°/step and 1 s/step. The Scherrer 

equation was used to estimate the Ni0 crystallite size. 
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2.2.4. Raman spectroscopy 

The samples were analyzed in a Raman Horiba Jobin Yvon spectrometer using a He:Ne 

laser (632 nm). 

 

2.2.5. Transmission electron microscopy (TEM) 

TEM analysis of Ni@CeZrO2 (4) reduced catalyst was performed in a JEOL 2100 UHR 

apparatus at 20 keV, with 0.19 and 0.14 nm punctual and linear resolution, respectively, 

equipped with a LaB6 filament. Before the analysis, the sample was reduced at 800 °C for 1 h, 

the same temperature used for the reaction. 

 

2.2.6. 18O2/
16O2 isotopic exchange 

The experiments were conducted using a closed recycling system that was connected to 

a Pfeiffer Vacuum quadrupole mass spectrometer and a vacuum pump. Initially, the sample (20 

mg) was treated with a flow of 16O2 (50 mL min-1, 500 °C, 1 h) and evacuated for 1 h. The 

sample was then cooled to the desired exchange temperature (400 °C). 

For the Isothermal Oxygen Isotopic Exchange (IOIE) experiment, the exchange was 

carried out at 400 °C. 55 mbar of pure 18O2 gas (≥ 99 at.%, ISOTEC) was introduced into the 

reactor, and the concentration of each isotopomer was monitored by observing the m/z signals 

of 32 (16O2), 34 (18O16O), and 36 (18O2). 

To calculate the atomic fraction of 18O2 in the gas phase at time t (αg
t) (Eq. 3) and the 

number of oxygen atoms exchanged (Ne) (Eq. 4), the following equations were used:  

 

αg
t = 

1
2⁄ P34

t +P36
t

P32
t +P34

t +P36
t                            (3) 

Ne=(αg
0- αg

t ) Ng 
1

w
                                     (4) 
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Where Ng represents the total number of oxygen atoms in the gas phase, w represents the 

weight of the catalyst, and αg
0 represents the initial atomic fraction of 18O2 in the gas phase. 

 

2.2.7. Thermogravimetric analysis (TG) 

 To measure the amount of coke that was deposited on the catalyst during reaction, spent 

catalysts were subjected to thermogravimetric analyses using a TA Instruments equipment 

(SDT Q600). The catalyst sample was cooled from reaction temperature up to 25 °C under N2 

atmosphere in order to avoid carbon oxidation. Then, 10 mg of the spent catalyst was placed in 

the equipment and heated in synthetic air flow (100 mL min-1) from room temperature to 

1000 °C, while the weight change was recorded, at a heating rate of 20 °C/min. 

 

2.2.8. Scanning electron microscopy (SEM) 

 SEM analyses of the spent catalysts were carried out using a field emission scanning 

electron microscope (FE-SEM) Quanta FEG 450 FEI operating with an accelerating voltage of 

20 kV. 

 

2.3. Catalytic tests 

The DRM and BRM catalytic tests were performed with the same amount of catalyst 

and pre-treatment. The samples were diluted with SiC (SiC mass/catalyst mass ratio = 1.5) to 

avoid hot spot formation or temperature gradients. Different catalyst mass was used in order to 

obtain approximately the same initial conversion for all Ce/Zr molar ratio. The catalysts were 

reduced under pure H2 (30 mL min-1) at 800 °C (10 °C min-1) for 1 h and purged under N2 at 

the same temperature for 30 min. 
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The DRM catalytic tests were performed in a fixed-bed reactor at atmospheric pressure. 

A reactant mixture with various CH4:CO2 molar ratios (0.67; 1.00; 1.50) under flow rate of 100 

mL min-1 was used for the DRM at 800 ºC. The reaction products were analyzed by gas 

chromatography (Agilent 6890) equipped with a thermal conductivity detector and Carboxen 

1010 column (Supelco). 

To perform the BRM reaction, a U-shaped quartz reactor was used at 800 °C and 

atmospheric pressure for 24 hours. Prior to the reaction, the catalyst was reduced under pure H2 

at 800 °C (30 mL min-1, 10 °C min-1) for 1 hour, then kept at this temperature for 30 minutes 

under He. To obtain the reactant mixture CH4/CO2/H2O, a CH4 stream (50 mL/min) passed 

through a saturator containing water (76 °C) and then CO2 stream (33 mL/min) was added to 

the CH4/H2O mixture. The resulting mixture contained 43% CH4, 28.5% water, and 28.5% CO2. 

The reaction products were analyzed in a similar equipment previously described. The CH4 and 

CO2 conversion were determined as follow:   

 

X CH4
=

(nCH4
)
 feed

- (nCH4
)
 exit

(nCH4
)
 feed

 x 100             (5) 

 

XCO2 =
(nCO2

)
 feed

- (nCO2
)
 exit

(nCO2
)
 feed

 x 100                 (6) 
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3. Results and discussion 

3.1. Catalyst characterization 

The chemical composition and BET surface area of the samples after reduction at 

800 °C under pure H2 are listed in Table 1. The Ni content and Ce/Zr molar ratio are close to 

the nominal values. All catalysts exhibited a very low surface area due to the sintering of CeO2 

at high reduction temperature [31]. 

 

Table 1. Chemical composition and BET surface area after reduction of the catalysts at 800 °C.  

Catalyst 
Ni 

(wt%) 

CeO2 

(wt%) 

Dopant 

(wt%) 

Ce/Dopant 

molar ratio 

BET surface 

area of reduced 

samples (m2/g) 

Ni@CeZrO2(4.0) 9.5 74.4 13.4 4.0 21 

Ni@CeZrO2 (1) 11.1 47.8 38.0 0.9 11 

Ni@CeZrO2 (0.25) 10.7 21.4 65.0 0.24 16 

 

Fig. 1 shows the Raman spectra of the calcined samples. The spectrum of CeO2 is 

included for comparison. The CeO2 spectrum exhibits an intense band at 462 cm−1, which is 

assigned to the symmetrical stretching mode between the eight oxygen atoms bound to the 

cerium atom in the triple degenerate F2g mode. For Ni@CeZrO2 (4) and Ni@CeZrO2 (1), the 

addition of zirconia causes a shift in this band toward higher wavenumbers. Due to the smaller 

ionic radius of Zr4+ (0.84 Å) compared to Ce4+ (0.97 Å) [32], the introduction of zirconium into 

ceria's framework results in the contraction of its structure, which can be noticed by the shift of 

the band located at 462 cm-1 [15,33,34]. Furthermore, there is also the appearance of a broad 

band between 500 – 650 cm-1. According to the literature, two broad bands appear with the 

solid solution formation: one around 570 – 590 cm-1 and the other located between 610 - 640 
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cm-1. Both bands are related to the generation of oxygen vacancies. The first region is attributed 

to the extrinsic vacancies, which correspond to oxygen vacancies generated by the substitution 

of Ce4+ by Zr4+; whereas the second represents the intrinsic vacancies formed by the appearance 

of Ce3+ ions into ceria's structure [35,36]. Further increase in the Zr content produces significant 

changes in the spectrum of Ni@CeZrO2 (0.25) catalyst, with bands characteristic of zirconia 

with a tetragonal structure [34,37]. 

 

 

Figure 1. Raman spectra for the calcined samples and CeO2 reference. 

 

Fig. 2 shows the diffractograms of the calcined samples. The XRD patterns have been 

converted to CuKα radiation for comparison with literature, and the peak at 44.5° is attributed 

to the Khantal material used on the sample holder of the XRD instrument. The characteristic 

lines of CeO2 with a fluorite-like structure (JCPDS 34-0394) are marked with dashed lines for 

better understanding of the shifts observed with the addition of dopants. 

The insertion of Zr shifts the lines of CeO2 to higher 2θ values due to the formation of 

a ceria-zirconia solid solution [32]. This result agrees very well with the experiments of Raman 
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spectroscopy. The calculated ceria lattice value for the calcined samples is: Ni@CeO2 

(5.4189 Å); Ni@CeZrO2 (4.0) (5.3615 Å); Ni@CeZrO2 (1.0) (5.2822 Å). The addition of high 

Zr content (Ce/Zr = 0.25) leads to the formation of an amorphous CeZrO2 structure, resulting 

in a broad peak centered at 31.6°. For this reason, the peak is not very well defined to determine 

the ceria lattice. The increase in the Zr content creates geometric and compositional disorders 

in the material structure, decreasing its crystallinity. 

 

 

Figure 2. XRD patterns of the (A) Ni@CeO2, (B) Ni@CeZrO4 (4), (C) Ni@CeZrO2 (1) and 

(D) Ni@CeZrO2 (0.25) calcined samples. 

 

Teles et al. [34] prepared Pd/CexZr1-xO2 catalysts with different Ce/Zr molar ratios and 

obtained catalysts with high crystallinity and different structures depending on the Ce/Zr molar 

ratio used: the formation of a cubic structure with Ce/Zr molar ratio higher than 1.0 and a 

tetragonal structure below 1.0. Unlike our work, the authors prepared the support using the co-

precipitation method, highlighting the synthesis effect on the crystallinity of CeZrO2 at high Zr 



 

15 

 

content in the support. Therefore, in our work, XRD of the fresh samples shows that Zr4+ 

partially replaces Ce4+ in the structure, leading to the formation of CeZrO2 solid solutions [38]. 

The characteristic lines of NiO were not detected in the diffractograms of the calcined samples, 

indicating the presence of highly dispersed nanoparticles. 

The diffractograms obtained during the in situ reduction of the samples are shown in 

Fig. 3. For Ni@CeZrO2 (4) and Ni@CeZrO2 (1) catalysts, the main ceria line around 2θ = 28° 

shifts to lower angles when the samples are heated to 500 °C under H2 atmosphere, and this 

displacement is more pronounced at 800 °C. However, this shift is only observed after reduction 

at 800 °C for Ni@CeO2. This shift is caused by the expansion of the ceria structure due to two 

phenomena: (i) thermal expansion of the unit cell; (ii) reduction of Ce4+ to Ce3+, which has a 

larger ionic radius (1.14 Å) [39]. Therefore, the displacement observed during the experiment 

is the sum of both effects and is more pronounced for Ni@CeZrO2 (4) and Ni@CeZrO2 (1) 

catalysts due to the presence of a solid solution. The Ni@CeZrO2 (0.25) only presented a 

crystalline phase at 800 °C ascribed to the CeZrO2 solid solution with a tetragonal structure, as 

observed previously in the literature for the CeZrO2 system with high Zr content [34]. 

The ceria lattice parameter increases for both Zr-doped catalysts during heating up to 

800 °C (Fig. 4 A), and this variation is higher than that observed for Ni@CeO2, following the 

order: Ni@CeO2 (0.0924 Å) < Ni@CeZrO2 (1) (0.0976 Å) < Ni@CeZrO2 (4) (0.1011 Å). Our 

previous publication [30] has shown that the variation of the ceria lattice parameter due to 

thermal expansion is only 0.04 Å, but the catalysts exhibited higher variations in the present 

work, indicating ceria reduction. Therefore, doping with Zr for the catalysts with a Ce/Zr ratio 

of 4 and 1 enhances ceria reduction, improving the creation of oxygen vacancies in the material. 

Prasad et al. [40] demonstrated by DFT studies that the oxygen vacancy formation energy 

decreased by the incorporation of Zr4+ into the ceria structure and enhanced the mobility of O 

anions.  
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Figure 3. Effect of Ce/Zr molar ratio in the CeZrO2 solid solution structure during in-situ 

reduction followed by XRD for (A) Ni@CeO2, (B) Ni@CeZrO2 (4), (C) Ni@CeZrO2 (1) and 

(D) Ni@CeZrO2 (0.25) catalysts. 
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Figure 4. Variation of (A) ceria lattice parameter and (B) ceria crystallite size during reduction 

process. 

Moreover, as seen in Fig. 4B, the Zr-doped catalysts exhibit high thermal stability, 

preventing the sintering of CeO2 particles at high temperatures. The Ni@CeO2 catalyst has the 

largest ceria crystallite size (22 nm) at 800 °C, while Ni@CeZrO2 (4) and Ni@CeZrO2 (1) have 

sizes of 6.6 nm and 5.0 nm, respectively. The amorphous structure of Ni@CeZrO2 (0.25) 

indicates the formation of smaller particles. These results highlight the high resistance to CeO2 

sintering due to the formation of a CeZrO2 solid solution [33]. 

The Ni crystallite size during in situ reduction could not be determined due to equipment 

limitations (overlap of metallic Ni and equipment lines). Therefore, the Ni crystallite size was 
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calculated by XRD using ex situ reduced samples at 800 °C followed by passivation (Fig. 5, 

Table 2). All Ni/CeZrO2 catalysts exhibited small Ni nanoparticles (< 5.5 nm) compared to 

those synthesized by classical impregnation [30]. The Ni crystallite size followed the order: 

Ni@CeO2 > Ni@CeZrO2 (4) > Ni@CeZrO2 (1) > Ni@CeZrO2 (0.25). Unlike more 

conventional methods, the sol-gel technique allows for the preparation of catalytic materials in 

a "one-pot" process with a homogeneous distribution of components on the atomic scale at low-

temperature synthesis and cost. The sol-gel technique enables the control of composition, 

homogeneity, and structural properties of solids, promoting catalytic properties such as oxygen 

vacancies and metal-support interaction [41,42]. 

To confirm the XRD results, TEM analysis was performed on the Ni@CeZrO2 (4) 

reduced catalyst (Fig. S1). The image of the catalyst reveals the presence of small Ni 

nanoparticles embedded in the ceria-zirconia matrix with sizes around 6 nm, similar to the value 

obtained by the Scherrer’s equation (5.4 nm). Therefore, the embedded structure prevents Ni 

sintering at high reduction temperatures. Moreover, the thermal stability due to the CeZrO2 

solid solution also contributes to Ni stabilization. 

 

Figure 5. XRD results of catalysts after ex-situ reduction and passivation. 
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Table 2. Ni crystallite size of the samples reduced at 800 °C and passivated at room 

temperature. 

Catalyst Ni crystallite size (nm) 

Ni@CeO2 10.7 

Ni@CeZrO2 (4) 5.4 

Ni@CeZrO
2 (1) 3.0 

Ni@CeZrO2 (0.25) 2.0 

 

The oxygen mobility of each catalyst was measured by IOIE experiments, and the 

number of exchanged oxygen atoms (Ne) as a function of time at 400 °C is presented in Fig. 6. 

By monitoring the gas composition using mass spectrometry, it is possible to quantify the 

evolution of the amount of 16O atoms released by the catalyst exchanging with the gas phase 

rich in 18O2. The Ni@CeZrO2 (4) catalyst exhibits the highest initial rate of exchange (Table 3), 

as observed by the curve inclination of Ne vs. time, reaching the value of Ne = 39 x 1020 at g-1 

exchanged after 90 minutes of the experiment, followed by the Ni@CeZrO2 (1) (Ne = 33 x 1020 

at g-1) and Ni@CeZrO2 (0.25) (Ne = 26 x 1020 at g-1). 

Similar results were obtained in the literature for CeZrO2 materials [43,44], which were 

attributed to the low oxygen storage capacity of the Zr-rich solid solutions since the oxygen 

atoms linked to Zr are not exchangeable [45]. According to the literature [46], the performance 

of ceria-based solid solutions in the DRM reaction and the redox behavior are significantly 

influenced by their composition and morphology, where the enhanced amount of oxygen 

vacancies and their reactivity play a key role in the redox characteristics and catalytic 

performance of the catalysts. Vasiliades et al. [14] performed 16O/18O transient isothermal 

isotopic exchange experiments over Ni/CeO2 material with different ceria morphologies. In 

their work, they correlated the enhanced oxygen exchange capacity in Ni/CeO2 nanorods with 

the low activation energy for carbon oxidation by lattice oxygen species, providing promoted 

DRM performance. Our previous work [30] has shown that the addition of Zr into the ceria 
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structure increases the value of Ne exchanged in comparison to the Ni@CeO2 catalyst due to 

the participation of oxygen species from the bulk phase. Herein, the results show that the Ce/Zr 

molar ratio strongly affects the oxygen mobility of the materials; further increase in the Zr 

content reduces the amount of oxygen mobility and the rate of oxygen exchange. Thus, the IOIE 

experiments show that the highest oxygen mobility is observed for the Ni@CeZrO2 (4) catalyst. 

 

Figure 6. IOIE experiments of the Ni@CeZrO2 catalysts at 400 °C. 

 

Table 3. Initial rate of oxygen exchange at 400 °C. 

Catalyst Initial Rate of Exchange (1020 at g-1 min-1) 

Ni@CeZrO2 (4) 3.8 

Ni@CeZrO2 (1) 0.8 

Ni@CeZrO2 (0.25) 0.5 
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3.2. DRM reaction: Effect of CH4/CO2 molar ratio 

Fig. 7 shows the evolution of CH4 and CO2 conversions as well as the H2/CO molar 

ratio as a function of time on stream (TOS) at 800 °C and CH4/CO2 = 1.0. The gas hourly space 

velocity (GHSV) was reduced for the Ni@CeZrO2 (1) and Ni@CeZrO2 (0.25) catalysts to 

obtain similar initial CH4 conversion, as they were less active compared to the Ni@CeZrO2 (4) 

catalyst. A similar trend was observed in the literature where the CeZrO2 solid solution with a 

Ce/Zr molar ratio lower than 4.0 also presented a decrease in their activity, but the authors did 

not provide any explanation [47,48].  

 

Figure 7. (A) CH4 Conversion, (B) CO2 conversion and (C) H2/CO molar ratio obtained as a 

function of TOS for Ni@CeZrO2 (4) (GHSV = 300 L gcat
-1 h-1), Ni@CeZrO2 (1) (GHSV = 86 L 

gcat
-1 h-1) and Ni@CeZrO2 (0.25) (GHSV = 43 L gcat

-1 h-1) catalysts. Reaction condition: 

CH4/CO2 = 1.0, T = 800 °C and P = 1 bar. 
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The catalysts exhibit high conversion of CH4 and CO2, confirming the accessibility of 

reactants to the Ni nanoparticles formed within the CeZrO2 support. The Ni@CeZrO2 (4) 

catalyst is quite stable during 24 hours of TOS, producing syngas with an H2/CO molar ratio 

around 0.8. The CO2 conversion was higher than the CH4 conversion due to the occurrence of 

the reverse water-gas shift (RWGS) reaction, as previously reported in the literature [19], 

leading to the production of CO and H2O and consequently, a H2/CO ratio lower than 1.0. 

However, Ni@CeZrO2 (1) and Ni@CeZrO2 (0.25) catalysts showed a decrease in the CH4 and 

CO2 conversions at the beginning of the reaction, followed by a reduction in the H2/CO molar 

ratio. After 5 hours of reaction, the Ni@CeZrO2 (1) catalyst becomes quite stable, whereas the 

Ni@CeZrO2 (0.25) catalyst undergoes an activation process, followed by an increase in the 

H2/CO molar ratio. 

The initial deactivation observed for Ni@CeZrO2 (1.0) and Ni@CeZrO2 (0.25) catalysts 

could be associated with the carbon formation. However, DTG curves did not show the presence 

of carbon deposits in the post-reaction samples probably due to the redox mechanism of CeZrO2 

support and the high Ni dispersion (Fig. 8A and Fig. S2). 

The design of catalysts with small Ni nanoparticles has proven to be an efficient 

approach to avoid coke formation [49]. Recently, Li et al. [50] developed a Ni/CeO2 catalyst 

where the Ni nanoparticles are confined within the honeycomb-lantern-like structure of CeO2. 

They observed an increase in the catalyst activity and stability compared to other CeO2 

structures (spheres or bulk particles), which was associated with the spatial confinement 

responsible for enhancing the Ni thermal stability. Also, the promotion of metal/support 

interfaces contributes to decreasing the energy barrier for the DRM reaction. 
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Figure 8. DTG curves of the post-reaction samples after reaction under different conditions in 

this work: (A) Variation of Ce/Zr molar ratio in the DRM reaction with CH4/CO2 = 1.0/1.0; (B) 

Effect of CH4/CO2 molar ratio in the DRM performance of Ni@CeZrO2 (4) catalyst; (C) Effect 

of water addition in the DRM performance of Ni@CeZrO2 (4) catalyst. 

 

In our work, the higher interaction between Ni and the support inhibits the detachment 

of Ni particles from CeZrO2 and the growth of carbon filament, suppressing carbon deposits 

over the catalyst and the agglomeration of Ni nanoparticles. In fact, SEM images (Fig. 9) of the 

post-reaction catalysts did not show any carbon filaments after 24 hours, in accordance with the 

TGA-DTG results (Fig. 8A).  
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Figure 9. SEM images of the (A) Ni@CeZrO2 (4), (B) Ni@CeZrO2 (1) and (C) Ni@CeZrO2 

(0.25) spent catalysts after DRM reaction with CH4/CO2 = 1.0/1.0. 

 

Therefore, the deactivation observed for the Ni@CeZrO2 (1) and Ni@CeZrO2 (0.25) 

catalysts is not due to carbon deposition. The performance of Ni/CeZrO2 catalysts in this work 

is compared with the literature data in Table 4. Despite the large number of papers dealing with 

Ni/CeO2 catalysts prepared by different techniques for DRM reaction, the development of such 

catalyst resistant to coke formation is still a challenge for this reaction, as shown in Table 4. In 

comparison to the literature, the embedded Ni nanoparticles in CeZrO2 developed in our work 

are promising catalysts for the DRM concerning carbon resistance. 

(B) 

(C) 

(A) 
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Table 4. Catalyst performance during the DRM reaction (catalyst structure, activity and 

resistance to carbon formation) compared with literature data. 

Catalyst 
Catalyst 

Structure 
Stability Test 

Carbon 

formation rate 

(mgC.gcat
-1.h-1)  

Reference 

Ni@CeO2 (4) 
Ni embedded 

into support 

GHSV = 300 L.gcat
-1.h-1 

T = 800 °C; P = 1 bar; CH4/CO2 = 1.0 

Initial XCH4 = 55 % 

Initial XCO2 = 66 % 

t = 24h 

No carbon formation 

This 

work 

Ni@CeO2 (1) 
Ni embedded 

into support 

GHSV = 86 L.gcat
-1.h-1 

T = 800 °C; P = 1 bar; CH4/CO2 = 1.0 

Initial XCH4 = 52 % 

Initial XCO2 = 65 % 

t = 24h 

No carbon formation 

This 

work 

Ni@CeO2 (0.25) 
Ni embedded 

into support 

GHSV = 43 L.gcat
-1.h-1 

T = 800 °C; P = 1 bar; CH4/CO2 = 1.0 

Initial XCH4 = 50 % 

Initial XCO2 = 64 % 

t = 24h 

No carbon formation 

This 

work 

20Ce/Ni@SiO2 

Ce/Ni coated 

into SiO2 

nanotubes 

GHSV = 36 L.gcat
-1.h-1 

T = 700 °C; P = 1 bar; CH4/CO2 = 1.0 

Initial XCH4 = 76 % 

Initial XCO2 = 80 % 

t = 80h 

2.2 
[51] 

Ni/20CeO2 

Multi-layered 

nanostructured 

Ni/CeO2 

GHSV = 30 L.gcat
-1.h-1 

T = 700 °C; P = 1 bar; CH4/CO2 = 1.0 

Initial XCH4 = 85 % 

Initial XCO2 = 90 % 

t = 24h 

2.5 
[52] 

Ni/20CeO2 

Multi-layered 

nanostructured 

Ni/CeO2 

GHSV = 30 L.gcat
-1.h-1 

T = 700 °C; P = 1 bar; CH4/CO2 = 1.0 

Initial XCH4 = 85 % 

Initial XCO2 = 90 % 

t = 24h 

19.2 
[52] 

Ni/CeO2-S 

Ni impregnated 

over Shuttle-like 

CeO2 

GHSV = 21.6 L.gcat
-1.h-1 

T = 800 °C; P = 1 bar; CH4/CO2 = 1.0 

Initial XCH4 = 85 % 

Initial XCO2 = 85 % 

t = 6h 

57 
[53] 

Ni/CeZr(8.5) 

pH value = 8.5 

Ni impregnated 

over CeZrO2 

support 

prepared by co-

precipitation 

with different 

pH values 

GHSV = 240 L.gcat
-1.h-1 

T = 700 °C; P = 1 bar; CH4/CO2 = 1.0 

Initial XCH4 = 78 % 

Initial XCO2 = 85 % 

t = 10h 

15 
[54] 

Ni/Ce0.95Zr0.05O2 
Zr-doped CeO2 

nanorods 

GHSV = 24 L.gcat
-1.h-1 

T = 800 °C; P = 1 bar; CH4/CO2 = 1.0 

Initial XCH4 = 90 % 

Initial XCO2 = 94 % 

t = 100h 

No carbon formation 
[16] 

Ni-PS@Ce0.9Zr0.1O2 

Core-shell 

catalyst 

structure 

GHSV = 18 L.gcat
-1.h-1 

T = 800 °C; P = 1 bar; CH4/CO2 = 1.0 

Initial XCH4 = 95 % 

Initial XCO2 = 93 % 

t = 96h 

10 wt% weigh loss 

(No catalyst mass 

data available) 

[47] 
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Some authors [55–57] have observed the same deactivation behavior at the beginning 

of the reaction, which has been attributed to the oxidation of metallic Ni particles by CO2 or 

H2O. Rabelo-Neto et al. [13] showed by in situ XPS that the surface of metallic Ni particles 

was oxidized during the DRM reaction when Ni particles were not supported over a reducible 

oxide. Supporting Ni over CeSiO2 prevented Ni oxidation due to the preferential interaction of 

CO2 with oxygen vacancies in the ceria structure. Djinovic et al. [57] studied the performance 

of NiCo/Ce0.8Zr0.2O2 catalyst for the DRM reaction. The catalyst significantly deactivated 

during the initial 30 h of TOS, and then, it was observed a slow catalyst regeneration, achieving 

the initial conversion after 400 h. Concentration profiles of reaction products showed that water 

yield was the highest at the lowest CH4 and CO2 conversions, indicating that RWGS reaction 

is promoted during catalyst deactivation. Therefore, the authors attributed catalyst deactivation 

in the initial 25 h of the reaction to the oxidation of NiCo particles by water produced through 

the RWGS reaction. 

In our work, the decrease in Ce/Zr molar ratio limited the ceria reduction and the 

reactivity of oxygen species on the surface of the support as revealed by isotopic exchange 

experiments. Therefore, less active sites for CO2 adsorption are available on the support-metal 

interface, which might favor the oxidation of Ni nanoparticles. During the reaction, H2 is 

partially consumed by the oxidized particles, favoring the in situ reduction, which leads to an 

increase in CH4 and CO2 conversion, as observed in Fig. 7 for Ni@CeZrO2 (0.25). Therefore, 

our catalytic tests suggest the oxidation of Ni nanoparticles over Ni@CeZrO2 (1) and 

Ni@CeZrO2 (0.25) catalysts; however, further studies must be conducted to analyze the catalyst 

surface during the reaction. 

Furthermore, it has been proposed that the metal crystallite size affects its oxidation 

kinetics. According to Karmhag et al. [58], smaller particles are more reactive and present a 

fast oxidation-reduction cycle. Therefore, the embedded catalysts present a decay in activity at 
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the beginning of the reaction followed by reactivation, and an increase in CH4 and CO2 

conversions can be observed. 

As the Ni@CeZrO2 (4) catalyst exhibited the highest activity and stability among the 

catalysts studied, it was tested under different reaction conditions. The Ni@CeZrO2 (4) catalyst 

was tested at different CH4/CO2 molar ratios to study its influence on the conversion and 

catalyst stability (Fig. 10). When the feed gas is rich in CO2, a decrease in the CH4 and CO2 

conversions at the beginning of the reaction is observed. The H2/CO molar ratio obtained is 

low, around 0.62, indicating that the excess of CO2 favors the RWGS reaction [59]. The 

increase in the CH4/CO2 molar ratio leads to an increase in H2/CO molar ratio, and the catalyst 

presented better stability. The low availability of CO2 in the feed gas limits the RWGS reaction, 

increasing the selectivity to H2. Then, it seems that the low deactivation observed over time is 

correlated with the contribution of the RWGS reaction as a side reaction in the DRM process 

[57]. 
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Figure 10. DRM tests over Ni@CeZrO2 (4) catalyst under different feed gas composition as a 

function of TOS at 800 °C: (A) CH4/CO2 = 0.67; (B) CH4/CO2 = 1.0; (C) CH4/CO2 = 1.5; (D) 

H2/CO molar ratio. 

 

The TGA (Fig. S3) and DTG (Fig. 8B) curves did not detect the presence of carbon 

deposits on the Ni@CeZrO2 (4) catalyst for the tests at CH4/CO2 of 0.67 and 1.0. The increase 

in the CH4/CO2 molar ratio to 1.5 leads to the formation of carbon deposits, as demonstrated by 

TGA analysis of spent catalyst with a weight loss around 4 wt% (Fig. S2). DTG curve (Fig. 8B) 

shows a peak at 420 °C ascribed to the oxidation of amorphous carbon and a shoulder at 540 °C 

correlated to organized carbon structures, such as carbon filaments [60,61]. In this case, the Ni 

particle is still available for the reagents and no deactivation is observed during the catalytic 

test (Fig. 10C). Furthermore, a negative peak around 280 °C is observed, associated with the 
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oxidation of Ni0 particles [62]. Using the TGA curve (Fig. S3), the rate of carbon formation 

under CH4/CO2 = 1.5 was calculated: 4.1 mgC gcat
-1 h-1. Some authors also detected coke 

deposition produced by methane decomposition when the reaction was performed under 

CH4/CO2 ≥ 1.0 [63]. It is important to note that the rate of carbon formation in this catalyst is 

low compared to other works in the literature (Table 4). 

Numerous studies in the literature [64–66] have extensively discussed the carbon 

formation mechanism over Ni-based catalysts during DRM. This mechanism involves the 

dissociation of methane on the surface of nickel particles, resulting in the production of 

hydrogen and highly reactive amorphous carbon species (Cα). For a support with redox 

properties, such as CeO2 and CeZrO2 mixed oxides, this carbon species can react with oxygen 

from the support, inhibiting the accumulation of carbon deposits. The oxygen vacancies 

produced act as active sites for CO2 dissociative adsorption, which increases the amount of 

oxygen species on catalyst surface and promotes the gasification of amorphous carbon. Thus, 

the support plays a crucial role in the DRM reaction, preventing the deposition of carbon on the 

metal surface.  

Ni catalyst supported on Ce-based supports has shown improved stability due to the 

higher oxygen storage capacity, producing labile lattice oxygen species that contribute to 

carbon oxidation [67,68]. Recently, Yan et al. [67] studied the performance of Ni/CeO2-SiO2 

catalyst prepared by dielectric-barrier discharge plasma for DRM at 700 °C. This catalyst 

contains CeO2 with more reactive oxygen species in close contact with Ni nanoparticles, which 

promoted catalyst stability. Smal et al. [68] analyzed the carbon deposition during DRM 

reaction over Ni/CeZrO2 and Ni/CeTiZrO2 catalysts. It was found that the addition of Ti led to 

an approximately fourfold decrease in oxygen mobility compared to unmodified CeZrO2. 

Consequently, no carbon deposits were detected in the Ni/CeZrO2 catalyst after 25h of reaction, 

while a 2.75wt% weight loss was reported for the Ni/CeZrTiO2 spent catalyst. Then, the 
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optimization of oxygen mobility in the material is fundamental to reach high stability and 

activity during the DRM reaction.  

Another important parameter in the catalyst design for DRM reaction is the Ni particle 

size, which strongly affects the rate of carbon formation [69]. The initiation step of carbon 

formation is not favored on small Ni particles, leading to low or absence of coke deposits on 

catalysts with small Ni particle size. Wang et al. [25] demonstrated that Ni nanoparticles 

confined within SiO2 spheres in Ni@SiO2 catalyst can inhibit metal sintering during DRM 

reaction, resulting in low carbon formation. Das et al. [47] studied the performance of 

Ni@CeZrO2 catalyst prepared by ammonia evaporation method with different Ce/Zr molar 

ratios for the DRM reaction. They obtained the highest oxygen storage capacity for the 

Ce0.95Zr0.05O2 catalyst, resulting in the absence of coke deposits after 24h of TOS. The 

combination of small Ni particles and oxygen mobility played a crucial role in designing a 

carbon-resistant catalyst. 

Our research demonstrated that the incorporation of Ni nanoparticles into the CeZrO2 

structure prevents metal sintering, as confirmed by in situ XRD. By controlling the size of the 

Ni particles, enhancing metal/support interface, and taking advantage of the high oxygen 

mobility of the Ni@CeZrO2 catalyst, carbon deposition was suppressed, and the mechanism of 

carbon removal was promoted. However, the increase in CH4 percentage in the feed and, 

consequently, the enhancement of the rate of CH4 decomposition, results in the enrichment of 

Cα species over the catalyst surface. The unbalance between the rate of CH4 decomposition and 

carbon gasification in the metal/support interface can cause the accumulation of less active 

carbon species (Cβ), which may migrate into the nickel particle, producing carbon filaments 

[70]. Therefore, carbon deposits were detected in the catalyst after reaction under CH4/CO2 

molar ratio of 1.5. Considering that the CH4/CO2 = 1.5 molar ratio is close to real biogas 
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composition [71], this simulated biogas will be used to evaluate the influence of H2O addition 

on the catalyst stability, carbon deposition, and syngas composition. 

 

3.3. DRM reaction: Effect of H2O addition 

The Ni@CeZrO2 (4) catalyst was tested in the DRM reaction in the presence of water, 

and the CH4 and CO2 conversions are displayed in Fig. 11. The water/carbon molar ratio used 

was 0.4. The addition of water promotes the combined reforming reaction (Eq. 8), occurring at 

same time the DRM and SRM. The catalyst presented a gradual decrease in the CH4 and CO2 

conversion values during TOS, with a constant value of the H2/CO molar ratio around 1.5, lower 

than the theoretical value of 2.0, since the feed gas is not at stoichiometric conditions. Other 

authors also reported that the catalyst is initially deactivated under reforming conditions with 

H2O [72,73]. 

 

3 CH4 + CO2 + 2 H2O ⇌ 4 CO + 8 H2  ΔH298 K = 220 kJ/mol                    (8) 

 

The post-reaction catalyst was analyzed by TGA (Fig. S3), and the DTG profile is 

presented in Fig. 8C. It is noticed that the addition of water suppressed the formation of carbon 

that was observed in the DRM reaction with CH4/CO2 = 1.5. The presence of steam minimizes 

and/or suppresses the formation of carbon due to the gasification reaction (Eq. 9). Geng et al. 

[74] performed a micro-kinetic study to evaluate the water influence in the DRM process, and 

they observed an enrichment of *OH groups over the catalyst surface promoted by water, 

reducing the surface coverage of Cα species, well-known as carbon deposit precursors. 

Therefore, the decrease in conversion observed during the catalytic test is not caused by coke 

formation. 
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C(s) + H2O ⇌ CO + H2              (9) 

 

 

Figure 11. (A) Conversion of CH4 and CO2 for the Ni@CeZrO2 (4) catalyst in the combined 

reforming reaction as a function of TOS at 800 °C; (B) H2/CO molar ratio obtained in the DRM 

and SRM reactions as a function of CH4/CO2/H2O molar ratio. 

 

In order to investigate the cause of catalyst deactivation, the catalyst was tested under 

alternate feed gas composition (Fig. 12). The Ni@CeZrO2 (4) catalyst continuously deactivated 

during the first 24 h of TOS under a feed gas containing a CH4/CO2/H2O molar ratio of 
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1.5/1.0/1.0 (step 1). Then, the inlet gas was changed to pure H2 at 800 °C for 1 h. After treatment 

under H2, the reaction was restarted under a feed with the same previous composition (step 2). 

The CH4 and CO2 conversions obtained were higher compared to the initial conversion. This 

result rules out the hypothesis of Ni sintering under BRM conditions. In our previous work [30], 

we demonstrated by TEM analysis of the post-reaction sample after DRM reaction that the 

Ni@CeZrO2 (4) catalyst has high resistance to the sintering process even after 24 h of TOS. 

In step 3, the catalyst was resubmitted to another treatment with H2, and then it was 

exposed to a feed containing only CH4 and CO2. The conversion values are similar to the ones 

obtained for the DRM test under CH4/CO2 = 1.5/1.0 with the fresh catalyst (Fig. 10c). 

Therefore, the deactivation observed during BRM is due to a chemical modification of the 

active phase that is reversible by H2 treatment, which is likely due to the oxidation of Ni 

particles by H2O. The presence of steam provides a higher oxidant power to the reaction 

medium, promoting the oxidation of coke as well as the metallic Ni particles. 

The presence of water in the reactor is still subject to discussion in the literature for 

DRM and other reactions. Wolf et al. [75] observed that water induces the oxidation and 

sintering of Co nanoparticles during the Fischer-Tropsch reaction. Liu et al. [76]  associated the 

addition of a small amount of water in the CH4 feed with the reduction of coke formation in 

methane dehydroaromatization reaction on Mo/HZSM-5 catalyst. However, the excess of water 

leads to structural modification in the catalyst, resulting in deactivation. 

Djinovic et al. [57] also observed the oxidation of Ni particles by water produced in the 

RWGS reaction, which occurs simultaneously with the DRM reaction. According to the 

authors, the Ni oxidation by water is favored at small nanoparticles, and the metal sintering 

observed during the reaction was favorable to prevent the oxidation after 20 h of reaction. 

Therefore, in our work, the addition of water to promote the BRM reaction has a double effect: 
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(i) enhance the rate of coke gasification under high CH4 content; (ii) increase the Ni oxidation, 

resulting in a decay of CH4 and CO2 conversion with time. 

 

Figure 12. Combined reforming reaction over Ni@CeZrO2 (4) catalyst by switching the 

composition of the feed: (1) Reduced catalyst with a feed containing CH4/CO2/H2O = 

1.5/1.0/1.0; (2) Treatment with H2 followed by a feed containing the same composition 

CH4/CO2/H2O = 1.5/1.0/1.0; (3) Treatment with H2 followed by stream of CH4/CO2 = 1.5/1.0. 

 

4. Conclusions 

In our study, we investigated the performance of Ni@CeZrO2 embedded catalysts with 

different Ce/Zr molar ratios (4, 1, and 0.25) for the DRM reaction. The catalysts were prepared 

via the sol-gel method, a rapid and simple one-step synthesis procedure. This method promoted 

the formation of highly dispersed Ni particles (2-5 nm) embedded in the ceria-zirconia structure 

even after reduction at high temperature (800°C). The variation of the Ce/Zr molar ratio 

strongly affected the oxygen mobility of the catalysts. The decrease in the Ce/Zr molar ratio 

reduced the amount of oxygen mobility and the rate of oxygen exchange because the oxygen 
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atoms linked to Zr are not exchangeable. The Ce/Zr molar ratio also influenced the performance 

of Ni@CeZrO2 embedded catalysts for DRM under a CH4/CO2 molar ratio of 1.0. The 

Ni@CeZrO2 (4) catalyst was quite stable whereas Ni@CeZrO2 (1) and Ni@CeZrO2 (0.25) 

catalysts showed a decrease in the CH4 and CO2 conversions at the beginning of the reaction, 

followed by reactivation. DTG curves did not show the presence of carbon deposits. The high 

interaction between Ni and the support created by the embedded structure inhibited Ni sintering 

and carbon formation, regardless of the Ce/Zr molar ratio. The initial deactivation of 

Ni@CeZrO2 (1) and Ni@CeZrO2 (0.25) catalysts was attributed to the oxidation of the surface 

of Ni particles by the CO2 in the feed. Reduced particles were regenerated under the produced 

syngas, and the CH4 and CO2 conversions returned to the initial values. Further increase in the 

CH4/CO2 molar ratio to 1.5 caused the formation of coke, which was suppressed by the addition 

of water. Finally, the Ni@CeZrO2 (4) catalyst showed high catalytic activity and stability due 

to the strong resistance to Ni sintering and the support assisted in the oxidation of carbon species 

provided by the embedded structure and optimum Zr content, making it a promising catalyst 

for the DRM reaction.  
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