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Abstract 

Ni-based catalysts are highly efficient in methane-reforming processes. In the particular case 

of methane reforming in the presence of carbon dioxide, or dry reforming of methane (DRM), 

it is necessary to modify and control the initial properties of the catalyst to confer on it 

resistance to carbon deposition in particular, and to sintering of the Ni metal particles. In this 

regard, catalytic supports and promoters of different natures have been proposed. Likewise, 

the addition of small amounts of noble metals to avoid oxidation of the Ni active phase during 

the reforming reaction has been proposed. Catalyst preparation methods have also been 

identified as being of particular interest, since they can affect the structure of the Ni metal 

particles. In this review, the thermodynamic and kinetic aspects of the dry reforming of 

methane reaction are presented first. The most recent developments in synthetic methods 

(impregnation, sol-gel, co-precipitation, equilibrium deposition filtration, atomic layer 

deposition, non-thermal glow discharge plasma, multi-bubble sonoluminescence, “core-shell” 

structure) aimed at maximizing the dispersion and thermal resistance of Ni particles are then 

discussed and compared. The catalytic supports used to promote dispersion of the active 

metallic phase, the oxygen-storage capacity, and the metal/support interaction are also 

described. The review then addresses the fact that both the nature of the support and the 

addition of promoters and other metallic phases that modify the surface properties can 

control the interaction between the metal and the support, the electronic density of the active 

phase, and the degree of Ni reduction. Finally, new lines of research focused on the DRM 

process to make the reaction conditions milder and favor the process at low temperatures are 

also summarized. 
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1. Introduction 

The current dependence on fossil fuels to meet energy demand has led to 

environmental problems due to emissions of greenhouse gases. CH4 and CO2 are the most 

abundant—along with H2O vapor, NOx and O3—and, as such, are the main contributors to 

recent climate change problems.[1] Although the concentration of CH4 in the atmosphere is 

lower than that of CO2,[2] it has been reported to be responsible for about 25-35% of overall 

global warming.[3,4] CH4 is produced from natural sources—such as grasslands, wildfires, lakes, 

and wetlands—and from human activities—such as agriculture and coal mining, oil, and gas 

processing.[5] According to the US Environmental Protection Agency (USEPA),[6] CH4 

production from landfills contributes to about one-third of all CH4 emitted in the US alone.[7] 

Similarly, although CH4 is also the major component of natural gas, most natural gas reservoirs 

are located far from industrial areas and are often found offshore, thus resulting in limitations 

in terms of both technology and the cost of transporting the gas from the oceans to processing 

plants.[8] This results in a significant source of wasted hydrocarbons and a major contribution 

to global warming when this greenhouse gas is released into the atmosphere.[9] Along these 

lines, CO2 capture and storage (CCS) has been favored around the world with the aim of 

reducing emissions of CO2 and of other gases contributing to the greenhouse effect.[10] 

Renewable energy sources are also needed urgently to replace petroleum-derived sources.[11] 

One of the strategies to reduce the amount of CH4 and CO2 reaching the atmosphere is 

to try to convert these two gases into other valuable products. The best proposal to date is 

the conversion of CH4 and CO2 into syngas using a relatively well-established and low-cost 

technology.[12] The syngas produced can be transformed into hydrocarbons, thus making it 

possible to expand the raw materials that can be obtained.[13] Syngas is considered a basic 

component that can be used as a reagent for other applications, such as the Fischer–Tropsch 

(FT) process and the production of methanol and other valuable liquid fuels and chemicals.[14] 

Reforming is the most commonly used method in industry to produce syngas via one of three 

main reforming processes: steam reforming of methane (SRM), partial oxidation of methane 

(POM), and dry reforming of methane (DRM).[15] SRM is the most widely used conventional 

technology for the production of hydrogen from hydrocarbons as it produces a higher 

hydrogen yield compared to the other two reforming methods.[16] Indeed, approximately 75% 

of the hydrogen produced worldwide is derived from the SRM process.[17] In addition to its 

carbon-neutral nature, recent advances in SRM have focused on bio-alcohols such as 
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methanol, ethanol, propanol, propanediol, butanol, ethylene glycol and glycerol.[18-24] The 

differences between SRM, POM and DRM are based on the oxidant used, the kinetics and 

energy requirements of the reaction and the ratio of the syngas produced (H2/CO). 

 

SRM: 𝐶𝐻ସ + 𝐻ଶ𝑂 ⇌  𝐶𝑂 + 3𝐻ଶ       (1) 

POM: 𝐶𝐻ସ + 1/2𝑂ଶ ⇌  𝐶𝑂 + 2𝐻ଶ       (2) 

DRM: 𝐶𝐻ସ + 𝐶𝑂ଶ ⇌  2𝐶𝑂 + 2𝐻ଶ       (3) 

 

The SRM reaction (Eq. 1) is characterized by producing the highest H2/CO ratio (3:1)[25] 

(the ratio required for the FT synthesis is 2:1).[26] However, SRM is a very expensive process as 

it requires a high energy input due to its endothermic nature.[27] Similarly, a high H2O/CH4 ratio 

is required to achieve a higher H2 yield, which makes the SRM process unfavorable in terms of 

energy and favors catalyst deactivation.[28] POM, in turn, is a suitable process for the 

production of heavier hydrocarbons and naphtha.[29] The POM process has a very short 

residence time, high conversion rates, and high selectivity.[30] However, it has been reported 

that the exothermic nature of the reaction favors the appearance of hot spots in the catalyst 

and makes it difficult to control the operation.[15] Considering the remaining processes, DRM 

is the most promising, since it uses two abundant greenhouse gases (CO2 and CH4) to produce 

syngas and, at the same time, can reduce the net emission of these gases into the 

environment.[31] The DRM process is also cheaper than the other processes described, since it 

allows simple separation of the gases produced as products.[32] Moreover, the H2/CO ratio 

produced by DRM can be used for the synthesis of oxygenated chemicals[33] and higher 

hydrocarbons via the FT process.[27] DRM can also be used with biogas (CO2, CO and CH4) as 

raw material to produce clean and environmentally friendly fuels.[34] Finally, the synthesis gas 

obtained from DRM can also be considered for energy storage.[35] 

The use of catalysts in the DRM reaction allows the production of syngas to be 

maximized as this helps to alter and improve the reaction rate without being depleted in the 

process. Although DRM requires a high temperature to function due to its endothermic 

nature, the presence of catalysts can significantly reduce the reaction temperature required. 

All these factors have led to a significant increase in research into DRM in the last 10 years,[36-

44] including the study of catalysts based on noble and non-noble metals.[45] Noble metals such 

as Ir, Rh, Ru, Pt, and Pd have a higher resistance to coke deposition than non-noble metals. 



5 
 

Given that the cost of noble metals is higher than that of non-noble metals, an inexpensive 

way to prevent coke formation consists in using multi-metal formulations of non-noble metals 

such as Ni, Co and Fe with noble metals. These formulations facilitate metallic dispersion and 

generate more active metallic centers.[46] Ni is the only transition metal that exhibits catalytic 

properties comparable to precious metals. However, Ni-based catalysts tend to generate 

carbon deposits on the catalyst surface, thus resulting in a loss of catalyst activity. The 

resulting poor stability limits the commercial use of Ni-based catalysts for DRM reactions and 

means that Ni-based catalysts must be modified to improve their performance and resistance 

to carbon deposition. 

In addition to the active metallic phase, optimization of the active catalyst requires a 

study of properties such as dispersion of the active metallic phase on the catalytic support, 

the metal–support interaction, and the active surface that allows dispersion of the metallic 

phase and the acid-base centers, as well as modification of the properties of the catalytic 

support to reduce the deposition of coke, improve initial activation of the active phase, etc. 

As such, optimization of the catalyst synthesis method can lead to better catalytic 

performance, greater stability, and inhibition of coke formation during the reaction. A 

thorough study of all these variables can increase the performance of the catalyst and allow 

it to operate at higher temperatures than those initially foreseen, taking into account its 

thermal stability and metallic dispersion.[45] 

This review article covers recent developments in synthetic methods and the catalytic 

application of Ni-based catalysts for DRM. Conventional and new synthetic methods for Ni 

catalysts are introduced and discussed, with special emphasis on the new formulations that 

allow better metal dispersion and greater catalytic stability by reducing coke formation. In 

addition to the preparation method, the nature of the support is crucial to provide adequate 

Ni dispersion, with the incorporation of promoters making it possible to reduce catalyst 

deactivation due to carbon deposition. The purpose of the study is to present how all the 

variables involved in the preparation of Ni-based catalysts affect catalytic behavior during the 

dry reforming of CH4. At the end of the review, the main conclusions and perspectives 

regarding some of the main scientific challenges remaining in the field of the DRM reaction 

are also analyzed. 

 

2. Reaction thermodynamics 
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In order to determine the reaction temperature, the working pressure, and the most 

suitable feed ratio to produce a high yield of synthesis gas, the thermodynamic behavior of 

DRM must be studied. As it is a highly endothermic reversible reaction, DRM requires a large 

amount of energy for it to occur.[47] As such, a very high temperature is necessary for the 

reaction to occur in the forward direction and to obtain a high conversion of syngas.[48-50] 

Various reactions can occur during the DRM process, (see Table 1). The main reaction 

(Eq. 4) shows that DRM produces a H2/CO ratio of 1; it is highly endothermic, 

thermodynamically feasible above 640 oC, and favored at low pressures. However, DRM 

typically gives a H2/CO ratio of less than 1 due to the simultaneous production of CO via the 

reverse-water-gas-shift (RWGS) reaction (see Eq. 5), which results in a higher amount of CO 

compared to H2.[51] Although H2/CO ratios of less than 1 may seem undesirable, this syngas 

ratio can, in fact, be used in FT synthesis to produce higher hydrocarbons.[52] In addition to the 

RWGS reaction, other side reactions can also occur depending on the CH4/CO2 feed ratio and 

operating temperature and pressure, including the formation of carbon (coke; see Table 1). 

Coke is an unwanted product, since it inhibits the activity of the catalyst by poisoning the 

active metallic centers and blocking the porous structure.[53] Numerous authors agree that 

coke is formed by the decomposition of CH4 (Eq. 6) and the disproportion of CO (Boudouard 

reaction, Eq. 7).[54] However, it has also been proposed that two other reactions, namely 

hydrogenation of CO2 (Eq. 8) and hydrogenation of CO (Eq. 9),[51] contribute to coke formation. 

DRM typically involves carbon deposition, which can reduce catalyst performance. 

Three types of carbon are generally formed: pyrolytic, encapsulating, and whisker carbon (see 

Figure 1). Pyrolytic carbon forms when long-chain hydrocarbons are exposed to high 

temperatures, generally above 600 oC, and the critical parameters are high temperature, high 

pressure, and the presence of acid centers in the catalyst.[55] Carbon encapsulation can occur 

during reforming of heavy hydrocarbon feeds with a higher content of aromatic compounds 

(see Figure 1). The high final boiling point and low temperatures of the hydrocarbon mixture 

increase the rate of encapsulating carbon formation.[56] Encapsulating carbon comprises a thin 

CHx film covering the metal active particles, which can lead to catalyst deactivation. Generally, 

encapsulating carbon forms at temperatures below 500 oC.[55] The last type of carbon formed 

is whisker carbon, which is considered to be the most critical type formed in the DRM 

reaction.[56] This type of carbon formation leads to breakdown of the catalyst, a higher 
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pressure decrease, and significant deactivation of the metal surface. Whisker carbon is usually 

formed at temperatures above 450 oC.[55] 

 
Table 1. Main reactions in the dry reforming of methane (DRM). 

 

 
 

Figure 1. TEM images of pyrolytic carbon on a MgAl2O4 carrier (A), encapsulating carbon (B), 

and whisker carbon (C) on Ni/MgAl2O4 catalysts (Reproduced with permission from[39]). 

 

If the quantities and conversions at equilibrium, calculated as a function of temperature 

and at a pressure of 1 atm and 2 moles of feed (CO2/CH4 = 1), are predicted 

thermodynamically, CO2 and CH4 consumption decreases as CO and H2 production increases 

at temperatures above 300 ºC (H2/CO = 1), while reagent conversions and production reach a 

 Reaction equation ΔH25 ºC 
(kJ/mol) Comments 

(4) Dry Reforming of 
Methane (DRM) 𝐶𝐻ସ + 𝐶𝑂ଶ ⇌  2𝐶𝑂 + 2𝐻ଶ 247  

(5) Reverse Water-
Gas-Shift (RWGS) 𝐶𝑂ଶ + 𝐻ଶ ⇌  𝐶𝑂 + 𝐻ଶ𝑂 41.0 Side reaction that leads to the 

decrease in H2/CO ratio to < 1 

(6) Decomposition of 
methane 𝐶𝐻ସ ⇌  𝐶 + 2𝐻ଶ 75.0 Side reaction that lead to formation 

of carbon (coke) 

(7) Disproportionation 
of CO (Boudouard) 2𝐶𝑂 ⇌  𝐶 + 𝐶𝑂ଶ - 173.0 Side reaction that lead to formation 

of carbon (coke) 

(8) Hydrogenation of 
CO2 𝐶𝑂ଶ + 2𝐻ଶ ⇌  𝐶 + 2𝐻ଶ𝑂 - 90.0 Side reaction that lead to formation 

of carbon (coke) 

(9) Hydrogenation of 
CO 𝐻ଶ + 𝐶𝑂 ⇌  𝐶 + 𝐻ଶ𝑂 - 131.3 

Side reaction that lead to formation 
of carbon (coke) 
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constant maximum at 850 oC, which is the optimum temperature during DRM (see Figure 2-

a). Water formation is noticeable at temperatures below 800 oC and coke formation is reduced 

at temperatures above 800 oC (see Figure 2-b). Higher pressures require higher reaction 

temperatures and CO2/CH4 ratios to minimize carbon formation.[57] In order to produce syngas 

for FT applications, Nikoo and Amin[51] found that the reaction temperature must be higher 

than 900 oC for a CO2/CH4 ratio of 1. Under these conditions, coke formation is reduced and 

CO2 conversions are greater than 98%. 

 

 

 

Figure 2. Thermodynamic prediction of quantities and conversions at equilibrium calculated 

as a function of temperature. 1 atm and 2 moles of feed (CO2/CH4 = 1). 

 

3. Kinetics and mechanistics 
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Kinetic studies are used to fit experimental results from an empirical or theoretical 

reaction rate model and to describe the reaction rate and define the chemical process.[58] 

Additionally, they can further optimize catalyst and reactor design, thereby improving overall 

DRM development.[59] The SRM process has been developed to a greater extent from a 

mechanistic point of view. However, the recent interest in DRM due to the characteristics of 

the products obtained has led to optimization of the catalysts used and, therefore, the need 

for studies of the reaction mechanism. 

The DRM reaction process is complex and comprises different reaction mechanisms for 

different catalysts and reaction conditions. Several authors have proposed that the key step 

in DRM is the adsorption and dissociation of CH4 on the catalyst surface. At low temperatures, 

the dissociation of CH4 proceeds gradually, with marked dissociation being observed at high 

temperatures. The DRM reaction mechanism on a Ni-based catalyst was studied by Aldana et 

al.[60] (see Figure 3), who proposed that the H2 molecule dissociates at the metallic Ni centers 

at the same time as CO2 is activated on the ceria-zirconia support to produce carbonate 

species, which could be hydrogenated into formate species and, finally, methoxy species. This 

proposed mechanism includes weak basic support centers for CO2 adsorption and involves a 

stable metal-support interface. This type of catalyst makes it possible to better explain their 

behavior than in the case of Ni/SiO2 catalysts, in which both CO2 and H2 are activated by the 

NiO particles. This proposed reaction mechanism has been corroborated by other authors 

using catalysts of a different nature.[61-67] 

The effect of process variables on the performance of the catalyst in the DRM reaction 

has been studied intensively. These studies are required because changes in various process 

variables can result in different catalyst performance. If the activation energy (Ea) is taken into 

account, most studies confirm that the activation energy of CH4 is greater than that of CO2, 

since CH4 molecules are more stable than those of CO2. As such, more energy is required to 

activate these stable molecules [68]. Kathiraser et al.[69] proposed that the activation energy 

in the DRM reaction depends, to a marked extent, on the type of catalyst support, the 

promoter, and the bimetallic interactions in the catalyst. Thus, Cui et al.[70] conducted an 

exhaustive study of the DRM mechanism in Ni/α-Al2O3 catalysts at temperatures between 550 

and 750 oC and observed that the Ea values for CH4 dissociation and CO2 conversion can be 

divided into temperature regions: 550-575 oC, 575-650 oC, and 650-750 oC. The authors 

suggested that, at temperatures above 650 oC, the dissociation of CH4 into CHx and hydrogen 
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species at the active Ni centers reached the equilibrium state. In order to accurately formulate 

intrinsic kinetic models for the catalyst, it is necessary to reduce other effects, such as the 

mass transport of the reactants. The reduction of this effect is possible if different gas hourly 

space velocities (GHSVs) are studied to confirm that the conversions have reached a steady-

state value, so that an additional change in GHSV does not affect reactant conversions. Along 

the same lines, to reduce resistance to internal mass transport, the particle size of a catalyst 

should be as small as possible, so that a further decrease in size does not affect conversions.[69] 

Contact times also play an important role in CO2 and CH4 conversions. Thus, for a high value 

of contact time, CO2 or CH4 conversions are not affected. In general, a high GHSV value and a 

low amount of catalyst with a small particle size can minimize the amount of external and 

internal mass-transfer limitations. 

 

 

Figure 3. Reaction mechanism proposed on a Ni-CeZr sol-gel sample for: (a) CO2 methanation 

and (b) CO formation. (Reproduced with permission from[60]). 

 

Three types of kinetic models have been used to study the DRM reaction: the Power Law 

model, the Eley Rideal (ER) model, and the Langmuir Hinshelwood-Hougen-Watson (LHHW) 

model. The most widely used is the Power Law model, probably due to its simplicity as regards 

the application and estimation of parameters. Although this model is useful to make initial 

estimates and obtain information to solve more complex models that require a greater 
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amount of data, it is not applicable to the reaction kinetics of the various catalysts as a whole. 

Power Law models can be expressed as: 

 

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑟) = 𝑘 · ൣ𝑝஼ுర
൧

௠
· ൣ𝑝஼ைమ

൧
௡
      (4) 

 

Power law-based models have a limitation as regards explaining the various steps in the 

reaction mechanism that take place on the surface of the catalyst. Thus, based on the ER 

model, Akpan et al.[71] developed a kinetic model for a Ni/CeO2-ZrO2 catalyst. These authors 

assumed that the rate-determining step is the dissociative adsorption of CH4. The proposed 

model was validated by fitting the experimental results obtained. The steps of the mechanism, 

as well as the reaction rate, are included in Table 2, where * and Ox represent the unoccupied 

active centers and the O2 network on the support surface, respectively. 

Verykios[72] conducted a study with a Ni/La2O3 catalyst for the DRM reaction, using 

various methods to explain the reaction mechanism based on previous results from the 

literature. Based on the characterization results obtained by XRD and FTIR, this author 

reported the formation of relatively stable La2O2CO3 species from CO2 and the La2O3 

support.[73] In another work, the same author indicated that either the La2O3 support or the 

La2O2CO3 species is responsible for CO formation by acting as an efficient source of oxygen.[74] 

The dissociation rate of CO2 on the surface of metallic Ni was found to be very low, thus 

suggesting to the authors that the coke that accumulates on the metal surface comes mainly 

from CH4.[75] Based on these previous findings, Verykios[72] proposed a mechanism for DRM 

on the Ni/La2O3 catalyst. Thus, this author stated that CH4 is adsorbed on the surface of the 

active metal centers of the Ni catalyst, followed by the deposition of coke and the formation 

of hydrogen as a result of the cracking of the adsorbed CH4. Subsequently, once the reversible 

adsorption of CH4 reaches a steady state, the coke deposited on the active metal center could 

react with the La2O2CO3 species. As such, the performance of the catalyst is not affected by 

CH4 cracking, since the catalyst is very stable. The reaction rate was also determined taking 

into account the proposed kinetic mechanism (see Table 2), and the author showed that the 

kinetic model fits well with the experimental kinetic results found. K1 and K3 are the 

equilibrium constants for CH4 adsorption and the reaction between CO2 and La2O3, 

respectively, as a function of temperature, and k2 and k4 are rate constants, as a function of 

temperature and their respective activation energies. 
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Table 2. Reaction mechanisms for the dry reforming of methane (DRM) proposed by several 

authors. 

Sup(as): active site of catalyst support. Rate of reaction[71] :rA (kgmethane/kgcat h); Nx (mol/h). 

Mechanism  

Akpan el at.[71]  

Adsorption 𝐶𝐻ସ + 2∗ ⇌  𝐶𝐻ଷ(∗) + 𝐻(∗) 

 

𝐶𝐻ଷ(∗) + ∗ ⇌  𝐶𝐻ଶ(∗) + 𝐻(∗) 

𝐶𝐻ଶ(∗) + ∗ ⇌  𝐶𝐻(∗) + 𝐻(∗) 

𝐶𝐻(∗) + ∗ ⇌  𝐶(∗) + 𝐻(∗) 

Surface reaction 𝐶(∗) +  𝑂௫  ⇌  𝐶𝑂 + 𝐻𝑂௫ିଵ + ∗ 

Surface reaction 𝐶𝑂ଶ +  𝑂௫ିଵ ⇌  𝑂௫ + 𝐶𝑂 

Surface reaction 
4𝐻(∗) ⇌  2𝐻ଶ + 4∗ 

𝐻ଶ +  𝑂௫  ⇌  𝑂௫ିଵ + 𝐻ଶ𝑂  

Rate of reaction −𝑟஺ =

2.1𝑥10ଵ଻𝑒
ଶଶଶ଼଴଴

ோ் ൬𝑁஺ −
𝑁஼

ଶ𝑁஽
ଶ

𝐾௣𝑁஻
൰

ቀ1 + 34.3𝑁஽
ଵ/ଶ

ቁ
 

Verykios[72]  

Adsorption 𝐶𝐻ସ +  𝑀(௔௦)

௄భ
↔  𝑀(௔௦) − 𝐶𝐻ଷ + 𝐻ଶ 

Surface reaction 𝑁𝑖(௔௦) − 𝐶𝐻ସ

௞మ
→ 𝑁𝑖(௔௦) − 𝐶 + 2𝐻ଶ 

Adsorption 𝐶𝑂ଶ +  𝐿𝑎ଶ𝑂ଷ

௄య
↔  𝐿𝑎ଶ𝑂ଶ𝐶𝑂ଷ 

Surface reaction 𝐿𝑎ଶ𝑂ଶ𝐶𝑂ଷ + 𝑁𝑖(௔௦) −𝐶
௞ర
→ 𝐿𝑎ଶ𝑂ଷ + 2𝐶𝑂 +  𝑁𝑖(௔௦) 

Rate of reaction 𝑅஼ுସ =
𝐾ଵ𝑘ଶ𝐾ଷ𝑘ସ𝑃஼ுସ𝑃஼ைଶ

𝐾ଵ𝑘ଶ𝐾ଷ𝑘ସ𝑃஼ுସ𝑃஼ைଶ + 𝐾ଵ𝑘ଶ𝑃஼ுସ + 𝐾ଷ𝑘ସ𝑃஼ைଶ
 

Quiroga and Luna[76]  

Adsorption 𝐶𝐻ସ + 𝑀(௔௦)

௄಴ಹర
ር⎯ሮ  𝑀(௔௦) − 𝐶𝐻ଷ + 𝐻ଶ 

Adsorption 𝐶𝑂ଶ +  𝑆𝑢𝑝(௔௦)

௄಴ೀమ
ር⎯ሮ  𝐶𝑂ଶ − 𝑆𝑢𝑝(௔௦) 

Surface reaction 𝑀(௔௦) − 𝐶𝐻ଷ + 𝐶𝑂ଶ − 𝑆𝑢𝑝(௔௦)  
௞భ
→ 2𝐶𝑂(௚) + 2𝐻ଶ(௚) + 𝑀(௔௦)  + 𝑆𝑢𝑝(௔௦) 

Rate of reaction 𝑅஼ுସ =

𝑘ଵ𝐾஼ுସ𝐾஼ை ቆ
𝑃஼ுସ𝑃஼ைଶ

𝑝ுଶ
଴.ହ −

𝑝ுଶ
଴.ହ𝑝஼ைଶ

ଶ

𝑏
ቇ

ቆ1 +
𝑝஼ு

𝑝ுଶ
଴.ହ𝐾஼ுସ

+ 𝑃஼ைଶ𝐾஼ைଶቇ
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Quiroga and Luna[76] proposed another kinetic model for the DRM reaction based on the 

assumption that the adsorption and decomposition of CH4 are followed by the non-

dissociative adsorption of CO2 at the active center of the catalyst support. The reaction 

proposed as the determining step in this mechanism is the surface reaction between the 

adsorbed species (see Table 2). 

Comparison of the two reaction mechanisms proposed for DRM reveals that, in both of 

them, CH4 adsorption occurs on the surface of the metallic active center (as already proposed 

by other authors[77-82]) as a stage prior to the cracking of CH4, the deposition of coke, and 

hydrogen formation. The difference between the mechanisms proposed by Verykios[72] and 

Quiroga and Luna[76] is the stage that determines the reaction rate. Thus, in the mechanism 

proposed by Verykios,[72] this stage is CH4 cracking, while Quiroga and Luna[76] suggest that the 

CH4 cracking and adsorption stages are in a steady state. It can therefore be concluded that 

the different catalyst formulations exhibit different activities, and that they have different 

control stages, which results in a certain difference in the mathematical kinetic model. Despite 

this, a study of the kinetics and the mechanism of the DRM reaction can allow the design and 

optimization of the catalyst, thus promoting industrialization of the reforming catalyst. 

 

4. Metal-based catalysts 

The development of catalysts has focused on new formulations that result in a better 

performance and greater catalytic stability by reducing coke formation, prevent sintering of 

the active metallic phases, control the formation of active chemical species and avoid 

oxidation of the active metallic phases.[79,83] In this sense, the active centers of the catalysts 

can be modified by adding catalyst promoters, as well as by using supports that favor 

anchoring of the active phase to their surface. This typically results in higher conversions and 

selectivities in the DRM reaction. 

The main interest of researchers regarding the DRM reaction is the development of 

cheap and cost-effective catalysts with high activity and resistance to carbon deposition. 

Various researchers have conducted studies on the type of catalytic support used[84] and the 

effect of the presence of promoters to try to improve resistance to carbon deposition. 

Similarly, studies have been carried out to improve catalytic activity and inhibit carbon 

formation by combining two or three metals as active centers.[85] The preparation method and 

the catalyst pretreatment processes[86] also play an important role in the change of structural 
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properties, reduction behavior, and catalytic performance. The main methods reported for 

the preparation of catalysts used in the DRM reaction are wet impregnation, the sol-gel 

method, and the co-precipitation method. Catalyst preparation methods have a marked effect 

on performance and physicochemical properties.[87,88] Indeed, preparation of the catalysts 

affects the size and dispersion of the metallic particles, thereby affecting the catalytic 

properties.[89] 

A large number of studies concerning the development of catalysts that are active and 

resistant to carbon deposition have been published.[12,31] The most commonly used catalysts 

are supported catalysts containing noble metals such as Ir, Rh, Ru, Pt, and Pd or transition 

metals such as Ni, Co, Cu, and Fe.[90] Although noble metals are very active and more resistant 

to coke deposition during the DRM reaction than transition metals, their low resistance at high 

temperature, as well as their greater tendency to be deactivated by the presence of S and Cl, 

amongst others, are major disadvantages.[91] Ni-based catalysts are currently the most widely 

used catalysts on an industrial scale.[92] 

Goula et al.[93] prepared a series of Ni/Al2O3 catalysts with low and high metal loadings 

(8 and 16 wt.%) and found that the synthetic method plays a decisive role in the reducibility 

and particle size of the catalyst. These authors used standard impregnation preparation 

methods (incipient wetness and wet impregnation methods) as well as the slightly modified 

equilibrium deposition filtration (EDF) technique to synthesize their catalysts. They obtained 

results showing that the EDF method creates Ni with better stability and enhanced activity. 

Use of the impregnation and sol-gel methods in the synthesis of Ni/Al2O3-CeO2 and Ni/Al2O3-

MgO catalysts was compared by Rad et al.[94] (see Figure 4). The results of the characterization 

carried out by these authors show the formation of NiAl2O4 spinels in the catalysts prepared 

using the sol-gel method. Furthermore, the presence of CeO2 favors the formation of smaller 

and more uniform NiO nanoparticles, which results in a H2/CO molar ratio of almost 1, a 

hydrogen yield of 94% and greater stability after a reaction time of 24 h. Zhang et al.[95] 

published a study comparing the properties and catalytic behavior of Ni catalysts prepared by 

impregnation (Ni-IM) and by homogeneous precipitation (Ni-HP). These authors reported that 

the preparation method affected the metal-support interaction and, therefore, the degree of 

metal dispersion. In the case of the DRM reaction, as the reforming reaction proceeds, the 

conversion of CH4 over the Ni-HP catalyst decreased slightly from 74.5% to 73.8%, whereas 

the conversion of CH4 over the Ni-IM catalyst decreased from 61.7% to 37.3%. Albarazi et al.[88] 
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discussed the properties of ceria-zirconia catalysts mixed with Ni/SBA-15 using various 

methods (one-step impregnation, two-step impregnation, co-precipitation) and reported that 

the synthesis process strongly affects the structure and chemical properties of the catalyst. 

Due to the strong interaction between the active metal centers and SBA-15, the co-

precipitation method results in the formation of Ni silicate species. The presence of these 

metal species leads to lower catalytic performance but higher catalytic stability compared to 

impregnated catalysts. These authors also indicated that the catalyst obtained by co-

precipitation does not cause direct decomposition of CH4, thus inhibiting carbon formation. 

Hao et al.[96] found that Ni/Al2O3 catalysts prepared using the sol-gel method have a larger 

specific surface area, stronger metal-support interaction, excellent Ni dispersion, and smaller 

Ni nanoparticles, which results in higher catalytic performance and stability compared to 

catalysts prepared using the impregnation method. Similarly, Shang et al.[97] proposed a 

method, known as atomic layer deposition (ALD), to synthesize a catalyst with high catalytic 

activity and stability. The resulting catalyst showed a stable conversion of 93% at 850 oC. The 

high catalytic performance is related to reduction of the NiAl2O4 spinel to Ni and to the high 

dispersion of the Ni nanoparticles deposited using the ALD method (see Figure 5). 
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Figure 4. Effect of synthesis method (impregnation (I) and sol-gel (SG)) on H2/CO molar ratio 

in the product at various temperatures: (a) Ni/Al2O3-MgO (NAM) and (b) Ni/Al2O3-CeO2 (NAC) 

(Reproduced with permission from[94]). 
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Figure 5. Schematic representation of the atomic layer deposition method for the synthesis of 

a Ni catalyst (Reproduced with permission from[97]). 

 

Catalysts synthesized using several preparation methods can affect the formation of 

intermediates in the reaction process and thus affect the activation of CH4 and CO2. In this 

regard, Yao et al.[98] studied the effect of the impregnation method (joint impregnation and 

step-by-step impregnation) and the degree of excitation of CH4 and CO2 using DRIFTS in situ. 

These authors observed that the adsorbed carbonate completely disappeared at 300 oC in the 

Ni-ZrOxMnOx/SiO2 and MnOx/Ni-ZrOx/SiO2 catalysts but noticed new carbonate absorption 

bands at 350 oC for the ZrOx/Ni-MnOx/SiO2 catalysts, thus favoring the activation of CO2 and 

CH4. Furthermore, formate species begin to appear in the Ni-ZrOx-MnOx/SiO2 and MnOx/Ni-

ZrOx/SiO2 catalysts at 300 and 400 oC, respectively, whereas formate formation started at 250 
oC on the ZrOx/Ni-MnOx/SiO2 catalyst. These results demonstrate that ZrOx/Ni-MnOx/SiO2 

catalysts can promote intermediate formation at relatively low temperatures. All these effects 

result in good catalytic performance for the DRM reaction at a relatively low temperature. 

Albarazi et al[88] proposed the synthesis of doped ceria-zirconia catalysts using two methods: 

co-precipitation and impregnation. They noted that the catalyst prepared by co-precipitation 

gave a slightly lower conversion of CH4 and CO2 but exhibited greater stability than the catalyst 

synthesized by impregnation. These authors attempted to explain these results by proposing 

that the catalyst synthesized by co-precipitation could effectively restrict the direct 

decomposition of CH4 to carbon on the catalyst surface, whereas decomposition is the main 

cause of deactivation of the impregnated catalyst. Furthermore, Aw et al.[99] deposited CeZrO2 
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on γ-Al2O3 and β-SiC, respectively, using different synthetic routes, and subsequently used 

these systems as Ni-Co-based catalyst supports. In these catalysts, Al reacts to form a spinel 

structure with Ni and Co, while CeZrO2 remains as a solid mixed-oxide solution. Compared to 

the impregnated catalysts, those prepared by deposition-precipitation maintain the highest 

yield of H2 and CO, as well as the lowest content of deposited carbon (7.7 and 0.6 wt.%, 

respectively). It has been reported that an Al2O3 surface coating plays an important role in the 

sintering resistance of Ni nanoparticles at high temperature. In this sense, Luisetto et al.[100] 

compared a Ni/CeO2-Al2O3 catalyst prepared using the citric acid method with others prepared 

using the traditional co-precipitation method, the impregnation method, and the sol-gel 

method (see Figure 6). The authors reported that the citric acid method provides a relatively 

small Ni nanoparticle size and a large number of CeAlO3 species, which may be advantageous 

for increasing catalytic activities and reducing graphitic-like carbon deposition. Furthermore, 

despite the formation of carbon deposits for the co-precipitated catalyst in the DRM reaction, 

these mainly comprise filamentous carbon, which does not encapsulate the active Ni centers. 

The authors also indicated that the catalyst prepared using the citric acid method shows 

comparable catalytic activity while also providing good catalytic stability due to reduced 

carbon deposition. Another study that investigates the effect of the support and the method 

for incorporating the metal was conducted by Chen et al.,[101] who found that the 

Ni/Ce0.75Zr0.25O2 catalyst in which the support was synthesized by co-precipitation with the 

help of a surfactant exhibited higher catalytic activities than catalysts prepared by co-

precipitation, without the use of a surfactant, and impregnation. They proposed that the 

higher catalytic activities observed in the catalysts prepared by the co-precipitation/surfactant 

method may be due to the incorporation of Ni in a solid solution (Ce0.75Zr0.25O2), which 

produces a greater dispersion and a strong interaction with the metallic support. These 

authors also noted that the appropriate choice of preparation method implies certain textural 

properties, support activity and improved interaction of the metal support, which result in a 

higher catalytic activity and less carbon deposition. 
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Figure 6. H2-TPR profiles for catalysts calcined at 100 oC: citric acid method (CA) (a); sol-gel 

method (SG) (b); wet impregnation method (WI) (c); co-precipitation method (CP) (d) 

(Reproduced with permission from[100]). 

 

Several novel methods for catalyst synthesis have been developed recently. Thus, non-

thermal glow discharge plasma treatment has been used to improve the interaction with the 

metallic support and produce highly dispersed Ni particles, thereby improving stability and 

catalytic activity.[102] The XRD and XPS results obtained by the authors indicated the presence 

of a strong interaction of the metal with the support in plasma-treated catalysts, which was 
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not the case in impregnated catalysts. Another explanation provided by the authors for the 

higher catalytic activity of the plasma-treated catalysts is the lower mass-transfer limitations 

due to the presence of a large quantity of nanoparticles on the surface of the support, which 

leads to a greater adsorption of reactants on the surface of plasma-treated catalysts. Odedairo 

et al.[103] prepared a Ni/CeO2 catalyst by impregnation and subsequently treated it with 

microwave plasma, omitting the thermal calcination step. They reported higher conversions 

compared to the thermally calcined catalyst. These findings are related to the smaller Ni 

particle size and the metal-support interface generated during the plasma treatment. Another 

method that has been proposed is the synthesis of a so-called reverse catalyst.[104] In this 

method, metal oxides are deposited on bulk metal surfaces instead of the active metal being 

supported on the metal oxides. Thus, the authors prepared a reverse TiO2/Ni catalyst by 

performing five deposition cycles. This method achieves greater catalyst stability and activity 

due to the formation of smaller TiO2 particles and the greater number of active centers. The 

deposition of TiO2 on Ni significantly reduced the size of the pool and increased the resistance 

to carbon deposition. A Ni/Al2O3 catalyst prepared using various methods (sol-gel and 

supercritical drying,[96] impregnation,[105] precipitation,[106] and multi-bubble 

sonoluminescence (MBSL)[106]) showed higher catalytic activity, stability and lower carbon 

deposition for the catalyst prepared by MBSL. The authors attributed these results to the 

formation of smaller particles by sonoluminescence. The MBSL method is considered to allow 

the formation of tens of thousands of transient bubbles upon the application of high intensity 

ultrasound. The TPR profile reported by the authors indicated the presence of well-dispersed 

NiO and NiOx species and also the presence of Ni ions, thus leading to a strong metal/support 

interaction. 

As a general summary of this section, it should be noted that impregnation, sol-gel, and 

co-precipitation are the most widely reported methods for catalyst preparation. Impregnation 

is the conventional method; however, it has been reported that it has low reproducibility and 

Ni as an active component is not homogeneously distributed on the surface of the support. In 

contrast, the sol-gel method makes it possible to achieve uniformity of the active centers at 

the molecular level. This may be because the reagents mix uniformly at the molecular level 

when the gel forms. At the same time, it is easy to incorporate some of the active ingredients 

uniformly at the molecular level to achieve homogeneous doping. The main disadvantages of 

this method include the time required for the preparation and the production of a network of 



21 
 

micropores, which complicates both preparation of the catalyst and the DRM reaction. In the 

DRM reaction, it is difficult for the reactants to access the active centers and carbon deposition 

can quickly hinder this access by blocking the active metal centers. The co-precipitation 

method has become the most widely studied preparation method. The main drawback of this 

method is that addition of the precipitating agent can make the partial concentration too high, 

thus resulting in a non-homogeneous composition. As such, catalyst synthesis operations still 

need to be improved by using unconventional preparation methods. In this regard, core-shell 

catalysts opened up a new horizon for the synthesis of novel catalysts that may be able to 

overcome the issues of carbon deposition and sintering in DRM. The synthesis of such catalysts 

faces the challenge of having to develop high-throughput methods with enhanced control 

over the catalyst composition, particle size, shapes and uniformity and, more importantly, at 

low cost.[107] 

Catalysts with a core-shell structure have recently been developed.[108] The core-layer 

structure is based on coating of the active metal with a catalytic support layer that has a high 

specific surface area, thereby effectively dispersing the active metal phase.[109-111] The 

encapsulation of Ni within the porous structure of the support protects the active metallic 

phase from the deposition of coke and also reduces the agglomeration of Ni particles.[112] The 

final structure is obtained by way of an initial reaction to form metallic particles that act as a 

"core" and the subsequent addition of reagents that allow formation of the "shell" that covers 

the nucleus[113] (see Figure 7). In this way, it is possible to synthesize Ni catalysts with inherent 

control of their size and particle distribution to achieve resistance to sintering and carbon 

deposition.[114,115] The results obtained by Jabbour et al.[116] using catalysts synthesized 

according to the core-shell method can be explained by the strong Ni-support interaction 

facilitated by encapsulation and the uniformly dispersed Ni particles, thus reducing coke 

formation. 
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Figure 7. Schematic representation of the synthesis of Ni-SiO2 and Ni-SiO2@CeO2 catalysts. 

(Reproduced with permission from[113]). 

 

4.1 Catalytic supports 

In general, a catalytic support is not active in a reaction by itself but can modify the 

properties of the catalyst as a whole. Many authors have reported that the catalytic behavior 

of metallic catalysts improves with dispersion of the active metallic species, the oxygen 

storage capacity, and the interaction between the support and the metal.[117,118] The support 

must also provide strong mechanical strength and high thermal stability. All these aspects 

must be taken into account in the selection of the catalytic support, with special emphasis on 

the stability of the active metallic phase and the low rate of carbon deposited. 

A broad spectrum of oxides have been used as catalytic supports. For example, Sokolov 

et al.[119] prepared a series of supported Ni catalysts to observe the effect of the nature of the 

support on the performance of the catalysts. The study was conducted using Ni/Al2O3, 

Ni/MgO, Ni/TiO2, Ni/SiO2, Ni/ZrO2, Ni/La2O3-ZrO2, and Ni supported on mixed metal oxides 

(Ni/Siral 10 and Ni/PuralMG30) as supported catalysts at low temperature (400 oC). The results 

showed that those catalysts containing Zr showed the highest initial activities. Thus, the 

authors observed that Ni/La2O3-ZrO2 produced CO and H2 at close to equilibrium, and 
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presented the highest stability, followed by Ni/ZrO2. Although the Ni/SiO2 catalyst had the 

highest specific surface area, the initial H2 yield was the lowest, followed by Ni/Al2O3, Ni/MgO, 

and Ni/TiO2. These authors also noted as remarkable that the Ni/MgO catalyst achieves an 

initial H2 yield of 2.5%, considering that the catalyst has a low specific surface area. Catalyst 

performance (based on H2 yield) can be represented as Ni/La2O3-ZrO2 > Ni/ZrO2 > 

Ni/PuralMG30 > Ni/Siral 10 > Ni/TiO2 > Ni/MgO > Ni/Al2O3 > Ni/SiO2. In order to obtain a better 

understanding of the catalyst resistance to deactivation, the authors compared the H2 yield at 

run times of 0 and 100 h. The Ni/La2O3-ZrO2 catalyst was found to have the highest stability 

with only a 9% loss of H2 yield from the initial state. The lowest catalyst stability, with the 20% 

loss of H2 yield, was found for Ni/ZrO2, whereas 89% of the H2 yield was maintained for Ni/TiO2. 

Han et al.[120] studied the effect of Ni particle size and the nature of the support using SiO2, 

Al2O3, MgO, ZrO2 and TiO2 as supports. The catalytic behavior evolved as follows: NiO/Al2O3 ≥ 

Ni/MgO > Ni/SiO2 > Ni/ZrO2 > Ni/TiO2. This evolution was attributed to the effect of the 

supports on the reaction. Zhang et al.[121] also observed the following evolution in the catalytic 

behavior: Al2O3 modified with NiO/MgO > Ni/MgO > Ni/SiO2 > Ni/Al2O3 > Ni/ZrO2 > Ni/TiO2. 

The higher activity of Al2O3 modified with NiO/MgO was related to the textural properties, the 

strong metal-support interaction (SMSI) effect, and the size of the well-dispersed Ni particles. 

TiO2 showed lower catalytic activity due to the low specific surface area, the weak metal-

support interaction (WMSI) effect, and the limited dispersion of Ni. Goula et al.[117] also 

investigated the catalytic behavior of Ni/La2O3-ZrO2 and Ni/CeO2-ZrO2, finding an improved 

catalytic behavior with respect to the individual oxides. Kim et al.[122] also used double oxides, 

especially TiO2 and CeO2, to synthesize Ni catalysts. As in the case of the previous authors, the 

mixed oxide catalyst showed the best performance and stability, along with a higher 

resistance to coking due to its redox properties. Among the reported supports, MgO has a high 

Lewis basicity, which increases the chemisorption of CO2. As such, MgO may be an interesting 

catalytic support for use in the DRM reaction. In this regard, Usman et al.[123] prepared a 

Ni/MgO catalyst and found that the catalyst exhibited better catalytic performance and 

stability when calcined at 800 ºC and reduced at 550 oC. The explanation proposed by the 

authors is that Ni forms a solid solution with the MgO support, which makes the Ni active 

center more stable. To explain this behavior, Zanganeh et al.[124] proposed the formation of a 

reduced solid solution of Ni0.03Mg0.97O that presents an excellent anti-carbon capacity. These 

properties are related to the excellent dispersion of Ni species, the alkaline properties of the 
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support surface, and the Ni-support interaction. The behavior of the Ni/MgO-γ-Al2O3 and 

Ni/MgAl2O4 catalysts was compared with a Ni/γ-Al2O3 catalyst, with the former exhibiting 

better stability and higher activity.[125] The stability presented by the catalyst was attributed 

to MgAl2O4 spinel layer formation in the Ni/MgO-γ-Al2O3 catalyst, which reduces the tendency 

to form the NiAl2O4 spinel. The authors attributed the high activity of the catalysts, as well as 

the high resistance to carbon deposition and sintering compared to γ-Al2O3, to the 

characteristics of MgAl2O4, which has higher basic properties due to the presence of Mg. At 

the same time, the interaction between Ni and MgAl2O4 allows a higher dispersion of Ni on 

the support. As described above, ZrO2 is widely used in the DRM reaction as a catalytic support 

due to its acid-base surface properties and high thermal stability. Zhang et al.[126] found that a 

Ni-ZrO2-CR-15 catalyst exhibited interesting catalytic performance and stability properties. In 

addition, Ni/La2O3-ZrO2 catalysts prepared using the sol-gel method[127] were also studied. 

These authors indicated that, due to the formation of a strong interaction between the La2O3-

ZrO2 support and Ni, the dispersion of Ni is improved and coke formation is strongly inhibited. 

The catalyst with a Ni content of 10 wt.% was found to have the best catalytic performance 

and anti-coking performance. 

CeO2 has been selected as a promising candidate due to its remarkable oxygen storage 

capacities, carbon resistance property, acid-base centers, and unique redox properties. 

Indeed, it can release and store O2 under reducing and oxidizing atmospheres by filling the 

oxygen vacancy defects associated with the Ce4+/Ce3+ redox cycles. It also improves the 

inhibition of coke formation and stable catalytic activity. Therefore, CeO2 may be an attractive 

carrier for the DRM reaction.[118] In this regard, Dong et al.[128] prepared NiO/CeO2 catalysts 

and reported the excellent performance thereof in POM. Similarly, Wang et al.[129] found that 

the strong interaction between NiO and CeO2 significantly reduced carbon deposition on their 

catalysts. Löfberg et al.[130] prepared a Ni/CeO2 catalyst by wet impregnation and found that 

the resulting Ni species performed two necessary functions: activating reactants and 

supplying oxygen. These studies can be included within the research efforts that have been 

carried out to find and study supports that maximize oxygen vacancies and thus allow the 

dissociation and activation of CO2 to produce CO to be increased. The search for catalytic 

supports with unique redox properties and with O2 storage capacity (OSC) is one of the main 

challenges in DRM. The storage of O2 favors oxidation of the carbon deposits and the creation 

of vacancies in the catalytic supports for the activation of CO2
[131] (see Figure 8). 
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Figure 8. Schematic representation of the main chemical reaction steps in the CH4 and CO2 

activation routes on 5 wt.% Ni/Ce0.8Pr0.2O2−δ catalyst (Reproduced with permission from[131]). 

 

Given their textural properties, ordered mesoporous and microporous silicas have also 

been used as catalytic supports. The incorporation of Ni particles inside mesoporous supports 

has been proposed to increase the conversion of reactants and product yield, thus avoiding 

the sintering of metallic particles and strengthening the metal-support interaction.[132] To 

achieve these objectives, catalytic supports must be mesoporous and have high specific 

surfaces so that they can improve the dispersion of Ni particles on the supported catalyst.[126] 

A strong metal-support interaction stabilizes the Ni particles that are incorporated into the 

mesoporous matrix. As examples, the incorporation of Ni into mesoporous supports such as 

MCM-41, SBA-16, TUD-1, meso-Al2O3, and meso-ZrO2 has been proposed, with the resulting 

catalysts exhibiting high catalytic activity and high resistance to coke deposition in the DRM 

reaction.[126] Thus, Drobna et al.[133] synthesized Ni catalysts supported on MFI and FAU 

zeolites, Al-MCM-41, SBA-15, and Al2O3. The catalytic behavior observed depended on the 

support used and the authors found the following catalytic order: Ni/SBA-15 ≈ Ni/Al-MCM-41 

> Ni/Al2O3 > Ni/MFI > Ni/FAU. The properties that explain the observed trend were a high 

specific surface area, the reducibility of Ni, and good dispersion of the Ni particles. In light of 

their basic properties, mesoporous silica nanoparticles have been used as supports by Sidik et 

al.[134] and found to show better catalytic behavior than when MCM-41 is used as support. 
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Similarly, Donphai et al.[135] successfully synthesized compounds comprising Ni and carbon 

nanotubes on a mesoporous silica support (Ni-CNT/MS). These authors found that Ni-CNT/MS 

catalysts show CO2 and CH4 conversions similar to those that can be obtained initially when 

using Ni/MS catalysts. When comparing the results obtained after reaction for 24 h, the 

conversions of CO2 and CH4 were found to increase with the Ni-CNT/MS catalysts and to 

decrease with the Ni/MS catalysts (see Figure 9). Natural mineral clays are considered 

alternatives to traditional supports due to their easy availability, low cost, and desirable 

physical and chemical properties. Akri et al.,[136] Liu et al.[137,138] and Che et al.[139] have used 

natural mineral clays as a support for the preparation of Ni-based catalysts for DRM. Synthetic 

clays allow the physicochemical properties to be adjusted to meet the specific needs of the 

reaction. Thus, anionic clays, hydrotalcites (HTC) or laminar double hydroxides (LDH) have also 

been used as supports in this application due to their ability to improve the dispersion and 

reducibility of Ni.[140] Feng et al.[141] used a Ni-Mg-Al catalyst made from a hydrotalcite 

precursor. This catalyst exhibited superior and more stable catalytic behavior than its NiO-

MgO and Ni/γ-Al2O3 counterparts. Activated carbon has also received attention as a catalytic 

support due to its neutral surface properties and excellent textural properties, with some 

authors using activated carbon derived from biomass as a catalytic support.[142,143] Oxides with 

a perovskite-like structure have been evaluated as catalysts for DRM.[144-147] Thus, Valderrama 

et al.[148-150] synthesized catalysts with a structure based on the perovskites La1-XSrXNi0.4Co0.6O3 

and La0.8Sr0.2Ni1-YCoYO3 using a sol-gel method, and Lima et al.[151] analyzed the effects of Ce 

on the catalytic properties of La1-XCeXNiO3. These latter authors reported that the presence of 

Ce prevented coke deposition. 
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Figure 9. Performances of catalysts with and without carbon nanotube (CNT) composites on 

mesoporous silica (MS) with time on-stream during the dry reforming reaction at 650 oC for 

24 h. (a) CH4 conversion, (b) CO2 conversion, (c) H2/CO molar ratio. (○) 5Ni/MS, (□) 10 Ni/MS, 

(●) 5Ni-CNT/MS, (■) 10Ni-CNT/MS (Reproduced with permission from[135]). 

 

The catalytic support can react with the active metallic phase and thereby affect the 

reaction. In the case of DRM, two types of interactions can be distinguished: an interaction 

between the active metal and the support, or the combined interaction of bimetals and the 

support. The SMSI effect results in a better dispersion of the active metal and resistance to 



28 
 

sintering. This interaction makes it possible to maintain a small size for the active metal 

species. In contrast, the synergistic effect of bimetals improves dispersion and provides 

complementary active metal centers. Wang and Ruckenstein[152] studied the SMSI effect using 

Rh catalysts with reducible (CeO2, Ta2O5, TiO2, Nb2O5 and ZrO2) and non-reducible (γ-Al2O3, 

La2O3, MgO, SiO2 and Y2O3) oxide supports. In their experiments, the authors found that Rh/γ-

Al2O3 and Rh/MgO exhibited better catalytic behavior and were more stable than other 

supported non-reducible catalysts. Using TPR and XRD analyses, the authors attributed the 

improved catalytic activity to the SMSI effect as a result of the formation of a homogeneous 

solid solution. Oxides that could be reducible showed lower activity and required considerably 

longer activation. The authors characterize MgO and γ-Al2O3 as the supports that can confer 

a greater SMSI effect when the active metallic phase is Ni.[153-158] In the case of the NiO-MgO-

based catalyst, in addition to presenting high conversions of CH4 and CO2, it showed adequate 

resistance to coke deposition. 

Oxides with a structure similar to NiAl2O4 spinels were prepared by Sahli et al.[159] to 

study the SMSI effect. The authors found that for a Ni to Al molar ratio of exactly 0.5, the 

crystalline spinel phase formed above a temperature of 725 oC. When the ratio was greater 

than 0.5, the excess Ni gave rise to the formation of NiO particles deposited in the spinel 

phase. This situation was achieved at temperatures lower than 750 oC, but it had the 

disadvantage of carbon deposition. Noble metal-based catalysts suffer from a weak metal-

support interaction (WMSI) effect. As such, their performance is strongly affected by the 

sintering and agglomeration of the metallic particles under the reaction conditions. Beltran et 

al.[160] compared the activity of Rh/Al2O3, and Rh and ZrO2 deposited on Al2O3 and found that 

the addition of zirconia promotes the SMSI effect and further enhances the metal-support 

interaction. Li et al.[161] modified the Ni/Al2O3 catalyst by adding La2O2CO3 (see Figure 10), and 

observed that the incorporation of La2O2CO3 inhibits the formation of NiAl2O4 by preventing 

Ni diffusion on the alumina support during the reaction and improving the dispersion of the 

Ni particles in comparison to the Ni/La2O3 catalyst.[162] 
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Figure 10. Schematic representation of the effect of air or CO2 on Ni dispersion in the Ni/La2O3 

catalyst (Reproduced with permission from[161]). 

 

4.2 Catalytic promoters 

The nature of the catalytic support as well as the addition of species that modify its 

surface properties can provide good catalyst activity affecting, for example, carbon 

deposition. The addition of promoters can improve both the acidity and alkalinity of the 

catalyst surface and the interaction between the metal and the support, regulate the 

electronic density of the active metal phase, and improve the dispersion of the metal. It can 

also affect the adsorption, dissociation and activation capacity of CH4 and CO2 in the catalyst, 

thus improving the reaction efficiency of the catalyst or improving the resistance to carbon 

deposition. 

Carbon deposition on the catalyst surface can be reduced if the acid-base properties of 

the catalyst are modified. One way to achieve this is by adding alkali and alkaline-earth metals 

to act as modifiers.[163] These modifiers can also have the effect of preventing sintering of the 

active metal particles in the catalyst, thereby reducing deactivation of the catalyst.[164] With 

this in mind, the promoters used in DRM have been grouped into three categories: a. alkali 

and alkaline-earth metals such as K, Li, Na, Mg, Ba, and Ca; b. rare-earth metals such as Ce, La, 
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Zr, Pr, and Sm; and c. others, such as Ag, As, Au, Bi, Cu, and Sn.[165] When used as a promoter, 

CaO reacts with the support at a structural level and increases the resistance of the Ni species 

to sintering. The competition between Ca and Ni during this interaction helps the formation 

of reducible Ni species. The authors observed that the Ca concentration in the catalyst 

affected the conversion of CO2 and CH4 in the DRM reaction. Thus, low Ca concentrations 

resulted in an increase in CO2 conversion. This behavior is explained by the authors as being 

due to an increase in the interaction of CO2 on the catalyst surface, which also increases the 

conversion of CH4. However, an increase in the amount of Ca leads to higher electron density 

of Ni, which results in a decrease in CH4 and CO2 conversions.[164] Similar findings were also 

reported by Choudary el al. using NiO/CaO and Ni/Al2O3 catalysts precoated with MgO, CaO 

and rare-earth metals and Ni/CaO/γ-Al2O3 catalysts with various CaO contents.[166,167] Alipour 

et al.[168] also used basic oxide promoters such as MgO, BaO and CaO supported on Al2O3 to 

increase the basicity of a Ni catalyst. These authors observed that the presence of these 

modifiers also helped reduce coking and improved catalyst performance due to increased CO2 

adsorption. 

The presence of K in NiO-Al2O3 catalysts modifies the interaction of NiO with the support 

and improves the reducibility of the Ni species. Furthermore, K can also act as a catalyst for 

gasification of the coke formed during the reaction without changing its structure. The size 

and structure of the Ni particles were not modified by the presence of K. Castro Luna and 

Iriarte[169] also reported similar findings whereby the formation of coke on the catalyst surface 

is prevented when the catalyst is promoted with K. Generally speaking, the reducibility of the 

catalyst increases when K modifies the interaction between the metal and the support. To 

explain this behavior, it has been suggested that the transfer of K from the support to the Ni 

surface in a promoted K catalyst decreases the conversion of CH4 because a portion of the 

most active centers for DRM reactions are neutralized.[169] Ngaraja et al.[170] investigated the 

effect of K on Ni/MgO-ZrO2 and also highlighted the importance of the appropriate weight 

percentage for the promoter. Thus, they reported that 0.5 wt.% K had a significant effect on 

the catalytic activity and stability, and also observed an increase in surface area with an 

increase in the weight percentage of the promoter, although this led to a lower catalytic 

activity (see Figure 11). Jeong et al.[171] studied the effect of Mg, Mn, K and Ca (5 wt.%) on the 

Ni/HY catalyst and found that its performance, in decreasing order, was as follows: Ni-Mg/HY 

> Ni-Mn/HY > Ni-Ca/HY > Ni/HY > Ni-K/HY. The highest CH4 conversion (85%) and stability 
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(96%) was obtained for the Ni-Mg/HY catalyst as a consequence of decoration of the Ni surface 

with the partially reduced metal oxide MgOx (see Figure 12). These authors noted that the 

presence of the modifiers reduces the size of the Ni particles (from 23.7 to 14.9 nm) and favors 

the metal-support interaction. 

 

 

 

Figure 11. CH4 conversion vs. time on-stream at 250 oC over the Ni/MgO-ZrO2 catalyst 

(NM5Z2) with various K loadings (Reproduced with permission from[170]). (Reaction conditions: 

catalyst weight: 20 mg, reduction conditions: 250 oC/2h; CH4/CO2/Ar ratio: 1:1:8; total flow 

rate: 50 ml/min.). 

 

 

 

Figure 12. Effect of promoter on the performance of the Ni/HY catalyst at 700 oC (GHSV = 3500 

h−1) (Reproduced with permission from[171]). 
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Catalytic modifiers are used in small amounts, usually 0.01 to 10 wt.%, depending on the 

catalyst system concerned. The optimal amount of modifier differs according to the nature of 

the promoters, which have different abilities to modify the structure of the catalyst. Daza et 

al.,[172] for example, studied the behavior of Ni/Mg-Al modified by various weight-percentages 

of Ce (between 0 and 10 wt.%) and found that the weight percentage of the promoter is an 

important criterion to avoid carbon deposition. For example, the catalyst (Ni/Mg-Al) modified 

with 3 wt.% Ce showed a higher conversion of CH4 (99%) and CO2 (95%), with no decrease in 

stability, up to 100 h of the DRM reaction. For smaller amounts of modifier, the authors 

detected the presence of filamentous-type coke, which was absent for the catalyst promoted 

with 3 wt.% Ce. Ocsachoque et al.[173] reported that the presence of Ce in an Al2O3 support 

facilitates the activation of CH4 and CO2 and favors the suppression of carbon. Similarly, Akri 

et al.[136] introduced various amounts of Ce into illite-based Ni catalysts and observed that the 

addition of Ce both improves the porosity, which enhances the textural properties of the 

material and increases the resistance to agglomeration of Ni particles and deposition of 

carbon. They also reported that the mean size of the Ni nanoparticles decreases from 34.2 to 

16.3 nm after addition of Ce. Compared to the Ni catalyst, the conversion of CH4 and CO2 

increases to 82% and 72%, from 33% and 21%, respectively, due to the presence of Ce. As 

such, the introduction of Ce also improves the catalytic stability, which is attributed to the 

good redox properties and highly dispersed Ni nanoparticles (see Figure 13). Liu et al.,[174,175] 

in turn, used a Ni catalyst promoted by La and found that the catalyst containing 2 wt.% La 

was most active at 550 oC, while the catalyst containing 4 wt.% La was most active at 600 oC. 

The La content, therefore, affected the catalytic behavior. The authors attributed this 

improved effect to a high oxygen vacancy, greater Ni dispersion, greater CO2 adsorption, and 

less carbon deposition due to amorphous carbon gasification caused by the presence of La. 

The effect of promoters from the lanthanide group on Co-Ni/Al2O3 catalysts was evaluated by 

Foo et al.,[176] who found an increase in the production of H2 and CO and related this behavior 

to a higher oxidation of coke deposits on the surface. These authors also observed that coke 

deposition on the metal surface was drastically reduced, thus demonstrating a high resistance 

to coke formation following the order Ce > Pr > Sm. Debek et al.[177] used Ce, Zr and mixed 

CeZr promoters in Ni-Mg-Al catalysts with a hydrotalcite-like structure and noted that coking 

was reduced for all catalysts during the reaction. The catalysts promoted by Ce had a greater 

oxygen storage capacity, which could favor oxidation of the carbon deposits. For the Zr-
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promoted catalysts, these authors observed that Zr inhibited the direct decomposition of CH4 

and the WGS reaction. They also noticed that metal oxides based on Ni and CeO2 have a higher 

oxygen-storage capacity and help to decompose CO2. In a related study, Gandhi and Patel[178] 

used Ni/Al2O3 catalysts promoted by zirconia, ceria, and magnesia and analyzed the effects of 

these promoters on catalytic behavior, resistance of the catalysts to coking and pore structure 

and observed that 10% Ni/5% ZrO2-Al2O3 provided the highest conversion and 10% 

Ni/5%CeO2-Al2O3 was the most stable. The use of Ce, Ca and Zr as promoters in Ni/γ-Al2O3 

showed that the Ce-modified catalyst exhibited improved activity compared to Ca and Zr, 

while a combination of Ce and Ca significantly increased catalytic activity and produced less 

carbon deposition (2.5 wt.%) compared to Ce alone (8.9 wt.%).[179] In another study, the effect 

of adding ZrO2 to Ni/Al2O3 was investigated, with the authors finding a higher catalytic activity 

(71.3% CH4 and 62.1% CO2 conversion) compared to non-promoted Ni/Al2O3 (63.0% CH4 and 

57.0% CO2 conversion).[180] The authors attributed this increase in catalytic activity to the 

ability of ZrO2 to enhance CO2 dissociation. Likewise, the ZrO2-modified Al2O3 surface allows 

the Ni particles to interact better with the support and prevents the formation of NiAl2O4. This 

increased CO2 dissociation leads to greater stability and reduced carbon deposition by 

increased gasification of dissociated oxygen and unsaturated intermediates. 

Modification of the mesoporous supports with promoters also resulted in improved 

catalytic activities. Thus, various authors reported how a Ni/SBA-15 catalyst modified with 

MgO (3 wt.%) resulted in a conversion of 97.8% for CH4 and 96.9% for CO2, both of which are 

higher than for the non-promoted catalyst. (Ni/SBA-15) and the catalyst promoted with 

various wt.% of MgO (1, 5 and 7 wt.%).[181] The programmed temperature reduction analyzes 

(TPR-H2) carried out in this study indicated that the addition of MgO markedly affects the 

reduction properties of the catalyst. Thus, the catalyst modified with 3 wt.% MgO is 

characterized by presenting better dispersed Ni particles than the rest of the catalysts, and 

has better basic properties upon adsorption of CO2. A similar result was obtained for a 

Ni/Mo/SBA-15 catalyst modified with CeO2 in comparison with its non-promoted 

counterpart.[182] Liu et al.[48] studied the effect of the presence of Ti, Mn and Zr in Ni/MCM-41 

and reported a higher CH4 conversion for the Ni-Zr-MCM-41 catalyst, as well as a lower carbon 

deposition. The higher conversion for Ni-Zr-MCM-41 could be related to a higher dispersion 

(5.6%) compared to those observed in Ni-Ti-MCM-41 and Ni Mn-MCM-41. Other researchers 

have studied the effect of the presence of Y2O3 as a promoter in NiO/SBA-15 and observed a 
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significant effect on catalytic activity and carbon deposition.[183] Thus, a higher catalytic 

activity and stability up to 50 h were observed for the Y-NiO/SBA-15 catalyst. These results 

can be related to the smaller particle size, greater dispersion of NiO particles and high specific 

surface area. 

 

 
 

Figure 13. CH4, CO2 conversions, H2/CO ratio over 10Ni and 10Ni15Ce during reaction for 24 

h; T = 800 oC, CH4/CO2/O2 = 1/0.8/0.1, GHSV = 60,000 mL/h·g. (Reproduced with permission 

from[136]). 

 

The acidic and basic centers on the catalyst surface also play a critical role in DRM. Thus, 

in the case of an acid catalyst, it had been proposed that these types of centers could stop the 

dissociative chemisorption of CO2 on the catalyst surface due to the accumulation of 

dehydrogenated carbon, which undergoes graphitization and blocks the active sites 

responsible for CO2 adsorption. As a consequence, the catalyst can be deactivated.[184] The 

presence of basic sites responsible for gasification of the deposited carbon could produce a 
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positive effect on the inhibitory activity of coking via the Boudouard reaction.[185] In this 

regard, Ni et al.[186] studied modified Ni (5 wt.%) alumina catalysts with a B2O3 loading of 

between 0 and 10 wt.%. The formation of strong Lewis acid sites results in the deposition of a 

large amount of carbon on the catalyst, which causes a decrease in yield and stability. Weak 

Lewis acid sites and hydroxyl groups on the catalyst promote carbon removal, thereby 

increasing yield and stability. Quindimil et al.[187] studied the effect of the presence of La in 

Ni/zeolite catalysts (Y- and BETA). The presence of La2O3 allowed the generation of basic sites 

in the catalyst and promoted the dispersion of Ni, thus improving the yield and the conversion 

of CH4. Abdullah et al.[39] proposed that the basic nature of the catalyst improves catalytic 

activity by reducing the activation energy of the reactants. CH4, which is more stable, requires 

a higher activation energy than CO2, therefore, the presence of basic sites on the catalyst 

allows the activation energy barrier to be overcome. The acid-base properties of the catalyst 

can also affect the reaction mechanism. Thus, the activation of CH4 at the active metal and 

the activation of CO2 on the acidic or basic support follow a bifunctional reaction pathway. 

When catalysts are based on inert materials such as SiO2, CH4 and CO2 are activated at the 

active metal following the monofunctional route.[52] 

 

4.3 Bimetallic catalysts 

Several researchers have reported that the addition of noble metals to the Ni catalyst 

allows the catalytic activity to be improved by directly increasing the number of active Ni sites 

on the surface. It has been found that carbon deposition is inhibited when the size of the metal 

particle is reduced, and that this can also favor carbon gasification, especially for noble metals. 

Thermal sintering can also be reduced in these cases by increasing the dispersion and reducing 

metallic interactions with the support. Additionally, this makes it possible to increase the 

reducibility of the Ni catalyst, especially under the oxidizing atmospheres reported for the 

reforming of CH4. When preparing modified metal catalysts containing much smaller amounts 

of another metal, close attention must be paid to the preparation method in order to obtain 

high catalytic yields for the modified catalysts. Co-impregnation is a widely used preparation 

method consisting in using an aqueous solution containing the two precursors. The two-step 

sequential impregnation method is another option for catalyst preparation. 

The effect of the presence of noble metals (Ru, Pd) in Ni/SiO2 catalysts prepared using 

the co-impregnation method on the catalytic behavior has been studied by Crisafulli et al.,[188] 
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who reported that the catalytic behavior of Ni-Ru and Ni-Pd bimetallic catalysts depends on 

both the noble metal and the precursor used. Thus, in the case of bimetallic catalysts prepared 

using nitrate precursors of the noble metal, the presence of Ru strongly improved catalytic 

activity and stability. In catalysts prepared using chloride precursors, the presence of the noble 

metal (Ru or Pd) resulted in a moderate decrease in catalytic activity. The authors explained 

these different catalytic behaviors in terms of the degree of metal-metal interactions in each 

catalyst. Thus, the behavior of Ni-Ru catalysts was attributed to the formation of bimetallic Ni-

Ru clusters with a surface covered mainly by Ni. This leads to an increase in the dispersion of 

metallic Ni and favors the formation of a more reactive intermediate carbonaceous species, 

thus inhibiting deactivation of the catalyst. In a later study,[189] the same authors extended 

their work by using zeolites (H-ZSM) as catalytic supports. The results obtained indicated that 

Ni-Ru/SiO2 catalysts are much more active and stable than Ni-Ru/H-ZSM catalysts. Similarly, 

Jozwiak et al.[190] studied Ni/SiO2 doped with Rh, Ru and Pd. A comparison of the catalytic 

results with those obtained using monometallic Ni catalysts showed that the bimetallic 

catalysts exhibited a lower deactivation rate and improved catalytic performance. A similar 

result was obtained for Rh-Ni/α-Al2O3 catalysts prepared by co-impregnation. These catalysts 

showed higher catalytic performance and resistance to deactivation by carbon deposition 

than the corresponding monometallic catalysts.[191] Becerra et al.[192] reported that the 

addition of small amounts of Rh to a Ni/γ-Al2O3 catalyst using a sequential impregnation 

method resulted in an increase in the surface area of the metal, which in turn results in an 

increase in catalytic performance. Álvarez et al.[193,194] investigated Ni-Ru/MgO-Al2O3 catalysts 

and found that, although the bimetallic catalyst showed superior particle reducibility 

compared to the monometallic Ni and Ru catalysts, the strong interaction between Ni and Ru 

resulted in blocking of the active Ni centers by Ru atoms, thus inhibiting the activation of CH4 

and, therefore, a lower catalytic activity. These results were corroborated by Andraos et 

al.,[195] who also showed that these interactions caused suppression of the Boudouard 

reaction, an improvement in carbon gasification and, consequently, an increased stability for 

the catalyst. These authors suggested that the Ru in bimetallic Ni-Ru catalysts reduces the 

diffusion rate of carbon on the Ni surface, thus inhibiting the formation of carbon nanotubes. 

García-Dieguez et al.[196] and Mahoney et al.[197] also reported that the addition of noble 

metals can improve the dispersion of Ni species and decrease the formation of coke deposits. 

They added Pt to Ni/CeZrO2 and Ni/Al2O3, which increased the reducibility of Ni. At lower 
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temperatures, the bimetallic Pt-Ni catalyst showed a slightly higher activity for hydrogen 

production during the DRM reaction compared to the Ni-catalyst. In the case of the Rh-Ni 

system on nanofibrous alumina, García-Diéguez et al.[198] noted that, although the activity of 

the bimetallic catalyst was comparable to that of the monometallic ones, differences in H2/CO 

selectivity were observed. Ma et al.[199] reported that bimetallic Pd-Ni exhibits a superior 

catalytic performance to the monometallic catalyst, which may be due to the synergistic effect 

between Pd and Ni, thus resulting in better structural characteristics and increased 

reducibility. Similarly, the greater dispersion of Ni and the production of additional active sites 

resulting from the addition of Pd improve the catalytic performance. Ozkara-Aydinoglu and 

Aksoylu[200] investigated bimetallic Pt-Ni catalysts and tried to find a correlation between 

catalytic activity and metal loading and their ratio. They concluded that the catalyst with the 

lowest Ni/Pt ratio showed the highest activity and stability. Meshkani et al.[201] studied Pt-Ni 

catalysts with different Pt contents (0.1-0.3 wt.%) supported on nanocrystalline magnesium 

oxide and found that the CH4 and CO2 conversions were higher than those obtained using 

monometallic catalysts and explained these findings by the increased Ni dispersion and 

resistance of the catalyst to carbon deposition. The excellent stability during operation for 50 

h was attributed to the formation of a solid NiO-MgO solution and the high basicity of the 

catalysts. Pawelec et al.,[202,203] in turn, investigated the effect of preparation method and 

surface Ni content on the catalytic properties of Pt-Ni/ZSM-5 and Pd-Ni/MCM-41 catalysts. 

They noted that the catalyst prepared by sequential impregnation showed the best results in 

terms of activity and stability, possibly due to an increased dispersion of Ni metal caused by 

the intimate contact between Ni and Pt. In other words, the addition of Pt leads to the 

formation of small and easily reducible NiO particles. In the case of Pd catalysts, the catalytic 

performance is attributed to a synergistic effect between Ni and Pd, which leads to a high 

degree of reduction and a high metallic surface due to the increase in Ni dispersion. 

Khani et al.[204] reported the effect of the presence of Pt and Ru in Ni/ZnLaAlO4 catalysts. 

They observed that, although the Ni loading was three times that of Ru and Pt, Ni/ZnLaAlO4-

supported Pt and Ru catalysts exhibited much higher catalytic activity. Their TGA results also 

showed that carbon formation in the Pt- and Ru-containing catalysts was negligible, while the 

Ni/ZnLaAlO4 catalyst exhibited a carbon formation of 7 wt.% at 700 oC. Ni/γ-Al2O3 promoted 

by Y and its oxide (Y2O3) showed a higher conversion of reagents and exhibited traces of 

carbon deposition[205,206] (see Figure 14). The authors of these studies indicated that the 
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higher catalytic activity of the Y-promoted catalyst was due to the improved metal-support 

interaction, the presence of smaller Ni particles, and, thus, a higher resistance to sintering. 

Steinhauer et al.[207] found that the catalytic performance of bimetallic Pd-Ni catalysts is 

significantly affected by the nature of the support in the order TiO2 < Al2O3 < SiO2 < ZrO2 < 

ZrO2-La2O3 ~ La2O3 and, in all cases, is higher than for the monometallic catalysts. These 

authors also observed that the optimal Ni/Pd ratio was 4:1 for a total metal loading of 7.5 

wt.%, which gave the highest activity. Similarly, higher metal loads favor coke formation. The 

same authors investigated the effect of the calcination temperature of the metallic precursors 

and found that thermal treatment at 600 oC was the most suitable to obtain the highest 

catalytic performance. At lower temperatures, decomposition of the metal precursors is 

inhibited, while higher temperatures induce sintering of the metal centers. In conclusion, the 

presence of Rh, Pt and Pd in bimetallic catalysts increases the catalytic activity and stability 

against carbon and sulfur deposition compared to monometallic Ni catalysts. 

 

 

 

Figure 14. Effect of Y promotion on CH4 and CO2 conversion over a Ni/γ-Al2O3 catalyst 

(Reproduced with permission from[205]). 

 

Other metals have also been studied in the formulation of bimetallic catalysts. Due to 

their similar electronic configuration, Co and Ni can easily form bimetallic alloy 

nanoparticles,[208] with a superior performance compared to monometallic catalysts being 

observed at low temperatures. Thus, San José-Alonso et al.[32] studied the catalytic behavior 

of Co-Ni/Al2O3 catalysts with different Co and Ni contents (9 wt.% total metal load) and found 

that the optimal activity and stability corresponded to the catalyst containing 8 wt.% Co, which 

they attributed to the improved activity of Co for the decomposition of CH4, which is 
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considered to be the rate-determining step in the DRM reaction.[209] This catalyst also 

exhibited good stability over time, which the authors attributed to the presence of large Co 

particles. In a similar study, Sengupta et al.[210,211] found that the most active catalyst at low 

temperature had the lowest Co content (Ni/Co = 3:1), which they attributed to the ability of 

this catalyst to simultaneously promote CH4 decomposition and oxidation of the deposited 

coke. In an experiment to test stability, a bimetallic Ni-Co catalyst supported on Al2O3-MgO, 

which was prepared using the co-precipitation method, showed only low deactivation after 

use for 2000 h.[212] One of the key factors responsible for the excellent catalytic performance 

of this bimetallic catalyst is the preparation method. Thus, the high calcination temperature 

used during preparation of the catalyst results in the formation of strong interactions between 

the metal and the support, thus causing the catalyst to form stable spinel-like structures. In 

general, carbon formation is lower upon Ni-Co alloy formation during catalyst reduction than 

with individual Ni centers. Several catalyst synthesis methods have also been found to affect 

reaction performance. For example, the co-precipitation method tends to produce smaller 

metal particles than the wet impregnation method. 

Zhang et al.[213] studied the behavior of monometallic Ni and Co supported on Al2O3, as 

well as their bimetallic homologues, in DRM at 700 oC. The highest initial CH4 conversion was 

observed for the 5 wt.% bimetallic Ni-Co/Al2O3 catalyst for each of the metals, with these 

systems containing the smallest metal oxide particles (13 nm). The higher initial activity is 

explained by the authors as being due to the presence of relatively small metal oxide particles. 

The metal oxide particle size for Co/Al2O3 is also larger than that for Ni/Al2O3, with a metal 

content of 10 wt.% in each case, which may explain the better performance of the Ni catalyst. 

The authors suggested an effect of the acidity of the catalysts on the catalytic behavior, in 

addition to an increase in the amount of carbon deposited on the surface. In a study on the 

promotion of Ni/MgO with Sn, Ce, Mn, and Co, the authors reported a higher catalytic activity 

and stability for the catalysts promoted by Co. Furthermore, these catalysts also showed a 

high resistance to carbon deposition. The higher catalytic performance of Co-promoted 

catalysts is attributed to their high affinity for oxygen species, which improves their ability to 

resist carbon deposition. In contrast, Ce- and Mn-promoted catalysts exhibited a worse 

catalytic performance as a consequence of the presence of larger NiO particles. In the case of 

the Mn-promoted catalyst, this can be explained by the agglomeration of metallic particles 

and, in the case of its Ce counterpart, by the segregation of Ce as CeO2, and its immiscibility 



40 
 

with MgO.[214] Ni-Co catalysts in which a spinel was used as support exhibited high activity and 

tolerance to the presence of sulfur, with this behavior depending on the Ni/Co ratio and the 

temperature used for spinel synthesis.[215] Of the catalysts investigated, 

Ni0.375Co0.375Mg0.25Al2O4, which was synthesized at 1500 oC, was found to be the most active 

and stable. The authors of this study proposed that the high catalytic activity is due to the 

presence of a large number of highly coordinated active metal centers at the edges and 

corners of the spinel particles, whereas the high resistance was attributed to the high oxygen-

storage capacity of the spinel and the high population of active centers on the support surface 

suitable for CO2 activation. 

The Co-Ni catalysts prepared by Tsoukalou et al.[216] by reducing the perovskite 

LaNi0.8Co0.2O3 showed high catalytic performance and stability due to the formation of 

La2O2CO3, which is able to oxidize the carbon species deposited on the active centers. 

Chen et al.[217] investigated the role of Cu as a promoter for a Ni catalyst supported on 

SiO2 and indicated that the addition of Cu can stabilize the structure of the active center and 

prevent the Ni catalyst from being deactivated due to loss of Ni crystallites or sintering. The 

incorporation of Cu into the Ni catalyst resulted in the formation of Cu-Ni species that can 

modify the catalytic activity. These Cu-Ni species are responsible for balancing the removal of 

coke formed upon cracking CO2 and CH4 and hindering the accumulation of carbon on the Ni 

particles. However, even when the Cu-Ni species are trapped by carbon accumulation, they 

can still favor the main step in DRM, that is, the cleavage of C-H bonds to form CHx species. 

Sharifi et al.[218,219] reported the synthesis of Cu-Ni/Al2O3-ZrO2 catalysts using various 

methods, including sol-gel and two-stage impregnation. When using the sol-gel method, these 

authors obtained small, uniform, and compact particles that improved the conversions of CO2 

and CH4 in comparison with the Ni/Al2O3-ZrO2 catalyst. The impregnation method did not lead 

to the same results, probably due to sintering of the Cu particles, which tend to aggregate at 

high temperatures. 

Ni-Cu/MgAlO-based catalysts with a hydrotalcite-like structure were investigated by 

Song et al.,[220] who found a strong dependence of catalytic activity and resistance to coke 

deposition on the Cu/Ni ratio. These authors reported that the optimal Cu/Ni ratios 

correspond to the interval between 0.25 and 0.5, with excessive carbon deposition being 

observed for the other ratios studied. They concluded that the Cu atoms in the Cu-Ni alloy 
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particles provide centers for CO2 dissociation, such that the oxygen species produced gasify 

the carbon, thus suppressing its graphitization (see Figure 15). 

 

 

 

Figure 15. Optimal Cu/Ni ratio for Cu-Ni/MgAlO catalysts to minimize coke deposition 

(Reproduced with permission from[220]). 

 

A Ni catalyst supported on Al2O3 and promoted by Sn was studied by Liu et al.,[221] who 

used two preparation methods, namely co-impregnation and a two-stage impregnation 

method. They observed that, after reduction, the Ni-Sn alloys formed changed the basic 

properties of Ni and increased the resistance to coke formation. Reina et al.[222,223] synthesized 

Sn-promoted Ni/Al2O3 and Ni/Al2O3-CeO2 catalysts by subsequent impregnation using two 

Sn/Ni molar ratios: 0.02 and 0.04. The DRM reaction yield for the catalysts doped with small 

amounts of Sn was enhanced in terms of CO2 and CH4 conversions compared with 

monometallic catalysts. This enhancement was attributed to Sn atoms occupying carbon 

nucleation centers in the vicinity of Ni atoms, thus inhibiting coke-formation mechanisms. 

However, increasing the amount of Sn added to the Ni catalyst had a detrimental effect on 

the reaction yield. Seok et al.[224] and Quincoces et al.[225] used Ni/Al2O3 catalysts promoted by 

Mn and Mo and observed a higher resistance to carbon formation. They proposed that this 

was due to electronic effects of the Ni on the dissociation of carbon. Similarly, Theofanidis et 

al.[226,227] investigated the incorporation of Fe into Ni-based catalysts (Fe-Ni/MgAl2O4) and 

found that the active center is the Fe-Ni alloy, with Fe partially separating from the alloy to 

form FeOx during the DRM reaction. This process reduces carbon deposition on the surface, 

since the deposited coke will react with oxygen in the FeOx network and produce CO. 

Consequently, these Fe-Ni catalysts exhibited a high catalytic activity in the DRM reaction, as 
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well as a high resistance to carbon deposition (see Figure 16). The active role of FeOx species 

in carbon removal was also reported by Song et al.[228] The research conducted by these 

authors showed that the structure of the Ni3Fe alloy facilitates the oxidation of metallic Fe to 

FeOx instead of the oxidation of Ni, thus favoring interaction of the FeOx species formed with 

the accumulated carbon and resulting in its gasification. Lima et al.[229] reported a similar 

catalytic behavior for LaNixFe1-xO3. Thus, the substitution of Ni by Fe enhanced the resistance 

to carbon formation, although with a tradeoff in terms of catalytic behavior, over 10 h at 650 
oC. Recent studies using Fe-promoted Ni/MgO catalysts showed that the incorporation of Fe 

into the catalyst prevents carbon deposition and changes the nature of the carbon into a form 

that can be easily removed from the surface catalyst by CO2 gasification.[230] These studies 

showed that both the decrease in the carbon deposition rate and the increase in the carbon 

gasification rate depend on the concentration of CO2 in the gas stream, as well as on the Fe/(Fe 

+ Ni) ratio. Kim et al.[231] used a MgxAlyOz matrix derived from a hydrotalcite-like precursor as 

a catalytic support to obtain Fe-Ni/MgxAlyOz catalysts. The optimized catalyst with a Ni/(Ni + 

Fe) ratio of 0.8 exhibited significantly higher activity and stability compared to the homologous 

monometallic Ni and Fe catalysts. These authors reached various conclusions: (i) deactivation 

of the monometallic Ni catalyst is due to the formation of graphitic carbon and whiskers; (ii) 

Fe is inactive in the DRM reaction, although it substantially improves the stability of Ni, the 

active metallic phase, in bimetallic formulations; (iii ) under the reaction conditions studied, 

the Fe in the Ni-Fe alloy particles is partially oxidized to FeOx, which leads to partial dealloying 

and therefore the formation of Ni-Fe richer in Ni-alloyed particles; (iv) Ni remains in the 

metallic state regardless of whether it is alloyed with Fe or not; and (v) the FeOx surface 

domains formed react with carbon deposits, thus reducing coke formation. 
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Figure 16. Proposed mechanisms of carbon gasification over Fe-Ni/MgAl2O4 (Reproduced with 

permission from[227]). 

 

In addition to the incorporation of metals, some researchers have found that the 

addition of metal carbides to the catalyst improves the dispersion of the active metal, as well 

as the interaction between the active metal and the support. In that sense, Li et al.[232] 

discovered that the incorporation of molybdenum carbide increases Ni dispersion in a Ni-ZrO2 

catalyst. Their experimental results also showed that an appropriate amount of Mo2C loading 

results in a high surface content of Mo(II), which enhances the catalytic behavior, thus 

facilitating the DRM reaction. Along the same lines, Cheng and Huang[233] investigated the 

effect of incorporating Ni and Co into Mo2C catalysts and found a positive effect of the two 

metals on the Mo2C substrate that promoted the DRM reaction and enhanced stability. As a 

novel aspect, Zhang et al.[234] synthesized Ni-Mo2C catalysts using a method involving 

carburizing NiMoOx in the presence of CH4 and CO2, the reagents for the DRM reaction. These 

authors also reported a similar promoting effect on both activity and stability during the DRM 

reaction upon incorporating Ni into Mo2C. Huang et al.[235] synthesized a series of SBA-15-

supported bimetallic Mo-Ni catalysts by co-impregnation and observed that, although the 

bimetallic Mo-Ni catalysts showed a worse initial performance compared to the monometallic 

Ni catalyst, the former were more stable. They concluded that adjustment of the Mo/Ni 

atomic ratio allows the interaction between the metallic particle and the support, the metallic 

particle size and the basicity—all of which play a critical role in the catalytic activity—to be 

improved. Furthermore, the type and amount of carbon deposition, the resistance of the Ni 
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particle to sintering, and the stability of the catalysts over time were also enhanced. In the 

case of Mo-Ni catalysts supported on Al2O3, Yao et al.[236] found a better catalytic performance 

in DRM compared to the monometallic Mo/Al2O3 catalyst but a worse performance than the 

monometallic Ni/Al2O3 catalyst. To explain the results, these authors considered a weaker 

interaction between the NiO species and the alumina support, a lower basicity, and the 

formation of a MoNi4 phase in the bimetallic Mo-Ni/Al2O3 catalyst. They also observed that 

when the bimetallic catalyst was previously reduced at 700 oC instead of 900 oC, its DRM 

performance was enhanced. This behavior was attributed to the formation of a separate 

phase, which does not interact with Mo, as well as to the basicity of the catalyst. 

Mo-Ni metals as active catalytic phases supported on MgO and applied in the DRM 

reaction have been studied by Song et al.[237] In their study, these authors highlighted the 

urgent need for large-scale carbon fixation by recirculation of CO2 and the economic 

importance of the DRM process for this purpose. The results obtained can be summarized as 

follows: (i) an absence of detectable coke deposits on the surfaces of the Mo-Ni particles even 

when operating under DRM conditions for more than 850 h, and (ii) stabilization during 

activation of the catalyst. The authors emphasized that their results open an industrially and 

economically viable path for carbon recovery, and propose a new approach to catalyst design, 

known as “Nanocatalysts on Single Crystal Edges” (NOSCE). 

 

5. Challenges in the reaction systems 

The characteristics of the DRM reaction have led researchers to focus mainly on 

developing highly active catalysts that are stable over time. However, other issues, such as 

irreversible deactivation, sintering of active metal phases, and carbon deposition complicate 

optimization of the catalyst formulation. As such, most efforts have focused on optimizing Ni-

based catalysts as the active metal phase. However, a further line of research has focused on 

the DRM process to make the reaction conditions milder and favor the process at low 

temperatures. To that end, the DRM reaction assisted with plasma, light, and microwave 

activation has been studied.[238-250] These variants have significantly increased the efficiency 

of the DRM process, reduced catalyst deactivation to maximize pot life under mild reaction 

conditions, and could lead to commercialization of the DRM process. 

Non-thermal plasma has been proposed, since it allows the thermodynamic limit to be 

exceeded in the DRM reaction, which is not possible with traditional thermal activation.[239] 
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The high-energy electrons generated in this type of reactor collide with the CH4 and CO2 

molecules, thus causing non-selective bond cleavage and the formation of reactive ions and 

free radicals. Use of this technology reduces the reaction temperature markedly and 

deactivation of the active metal centers due to sintering [240]. Vaklili et al.[238] and Chung et 

al.[241] have applied this procedure with different types of catalysts. The studies conducted by 

these researchers indicate that the reaction conditions used for this technology are above the 

characteristics of the catalyst used. Catalysts with a perovskite-type structure, such as NiTiO3, 

and low dielectric constant materials with a specific morphology and developed porous 

structure, such as MOF, seem more suitable for the plasma system due to their sensitivity to 

plasma. Kinetic studies and energy efficiency are the key aspects of this technique [242,247] (see 

Figure 17). 

 

 
 

Figure 17. Proposed reaction mechanism for La2O3 co-supported Ni/MgAl2O4 plasma-

catalyzed DRM (Reproduced with permission from[242]). 

 

The photocatalytic DRM process could be a very interesting approach for the production 

of synthesis gas, since it could achieve a conversion higher than that predicted for the thermal 

system.[251] The studies carried out to date are preliminary and, in some cases, contradictory. 

Thus, for example, Cho et al.[252] proposed that photocatalytic supports should be sensitive to 

visible radiation and should be selected from metal oxides such as ZnFe2O4, CaFe2O4, and 
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Cu2O. The same authors also proposed photocatalysts that are active under UV radiation. In 

both cases, the photoexcitation of pairs of electron holes promotes the DRM reaction in 

photoactive materials. In addition to gaining more information about the needs of the energy 

source, it will be necessary to reduce energy consumption and increase the efficiency of the 

process. 

A more recent technology involves the use of microwaves in the DRM reaction. This 

technique has attracted attention due to the instantaneous nature of the heating, the 

decreased activation energy of the reagent molecules, and the increased catalytic stability due 

to the reduction of coke deposition.[248,249,251,252] Several researchers have indicated that the 

type of catalyst to be used in this process is also important, since this affects the heating 

mechanism, with such systems generally being based on carbonaceous materials.[248] The 

design of the reactor and control of the reaction variables are matters that have yet to be 

analyzed and clarified. 

The chemical looping dry reforming of methane (CLDRM) is a new method of chemical 

looping combustion to perform DRM via the cyclic contact of catalysts and reagents[253] (see 

Figure 18). In this process, the active phase of the catalyst is reduced during the reaction and 

is subsequently reoxidized due to the presence of CO2, thus regenerating the catalyst.[130,253-

257] Various authors have indicated that the reaction occurring during the DRM and CLDRM 

processes is very similar in terms of the synthesis gas produced, with the same stoichiometric 

relationship. The difference between the two processes is that the main objective of CLDRM 

is to increase the yield of synthesis gas and optimize the activation of CO2.[254] Moreover, 

RWGS and Boudouard reactions and carbon formation (see Table 1) are inhibited due to direct 

contact between CH4, CO2 and the catalyst. Some researchers have also reported that 

synthesis gas selectivity and production is higher in CLDRM as the RWGS reaction is inhibited 

because H2 does not come into contact with CO2, and carbon formation is suppressed as a 

result of oxidation in the regeneration cycle.[258] Ni catalysts have been used for CLDRM-type 

reactions. Thus, More et al.[259] have observed that Ni-Fe-type catalysts show good catalytic 

behavior and that, even with only small amounts of Ni, CH4 activation  is observed due to the 

cyclic reoxidation of Ni by CO2. 
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Figure 18. Schematic representation of the chemical looping dry reforming of methane 

(CLDRM) process using a circulating bed reactor (A) or switching feed reactor (B) (Reproduced 

with permission from[253]). 

 

Future perspectives and Conclusions 

DRM is a promising and competitive pathway for converting two greenhouse gases (CH4 

and CO2) into syngas for use as a valuable chemical feedstock, although this is not yet an 

industrially mature process. The studies conducted to date have allowed a good 

understanding of the reaction mechanism and the structure-activity relationship at an atomic 

level. As a result, it has been concluded that DRM is a reaction sensitive to the structure of the 

catalyst. The dehydrogenation of CH4 and subsequent conversion of the carbonaceous species 

occurs at the active metal centers and coincides with the presence of O2 on the surface of the 

catalyst and the dissociation of CO2 at the basic centers. Given the endothermic character of 

the DRM reaction, research has focused on finding a suitable catalyst with superior activity, 

selectivity, and stability. This type of catalyst must necessarily have a high dispersion of the 

active metal phase and must be resistant to temperature and carbon deposition. The new 

materials and methods that have been incorporated into more traditional catalytic supports 

and preparation methods have significantly expanded the options for catalyst formulation. 

In recent years, major efforts have also been made to improve traditional DRM, such as 

plasma, light, and microwave assistance instead of direct external heating, which allows the 
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thermodynamic limitation to be overcome and lower reaction temperatures to be used. The 

combination of new catalysts with a more dispersed metallic phase and improved DRM 

systems seems to be the best option for optimizing and commercializing the process. 

Additionally, and in the search for a reactor that allows increased energy efficiency and 

separation of the final product, solar reactors and membrane reactors are promising options. 
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Captions 

Table 1. Main reactions in the dry reforming of methane (DRM). 

Table 2. Reaction mechanisms for the dry reforming of methane (DRM) proposed by several 

authors. 

 

Figure 1. TEM images of pyrolytic carbon on a MgAl2O4 carrier (A), encapsulating carbon (B), 

and whisker carbon (C) on Ni/MgAl2O4 catalysts (Reproduced with permission from[39]). 

Figure 2. Thermodynamic prediction of quantities and conversions at equilibrium calculated 

as a function of temperature. 1 atm and 2 moles of feed (CO2/CH4 = 1). 

Figure 3. Reaction mechanism proposed on a Ni-CeZr sol-gel sample for: (a) CO2 methanation 

and (b) CO formation. (Reproduced with permission from[60]). 

Figure 4. Effect of synthesis method (impregnation (I) and sol-gel (SG)) on H2/CO molar ratio 

in the product at various temperatures: (a) Ni/Al2O3-MgO (NAM) and (b) Ni/Al2O3-CeO2 (NAC) 

(Reproduced with permission from[94]). 

Figure 5. Schematic representation of the atomic layer deposition method for the synthesis of 

a Ni catalyst (Reproduced with permission from[97]). 

Figure 6. H2-TPR profiles for catalysts calcined at 100 oC: citric acid method (CA) (a); sol-gel 

method (SG) (b); wet impregnation method (WI) (c); co-precipitation method (CP) (d) 

(Reproduced with permission from[100]). 

Figure 7. Schematic representation of the synthesis of Ni-SiO2 and Ni-SiO2@CeO2 catalysts. 

(Reproduced with permission from[113]). 

Figure 8. Schematic representation of the main chemical reaction steps in the CH4 and CO2 

activation routes on 5 wt.% Ni/Ce0.8Pr0.2O2−δ catalyst (Reproduced with permission from[131]). 

Figure 9. Performances of catalysts with and without carbon nanotube (CNT) composites on 

mesoporous silica (MS) with time on-stream during the dry reforming reaction at 650 oC for 

24 h. (a) CH4 conversion, (b) CO2 conversion, (c) H2/CO molar ratio. (○) 5Ni/MS, (□) 10 Ni/MS, 

(●) 5Ni-CNT/MS, (■) 10Ni-CNT/MS (Reproduced with permission from[135]). 

Figure 10. Schematic representation of the effect of air or CO2 on Ni dispersion in the Ni/La2O3 

catalyst (Reproduced with permission from[161]). 

Figure 11. CH4 conversion vs. time on-stream at 250 oC over the Ni/MgO-ZrO2 catalyst 

(NM5Z2) with various K loadings (Reproduced with permission from[170]). (Reaction conditions: 
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catalyst weight: 20 mg, reduction conditions: 250 oC/2h; CH4/CO2/Ar ratio: 1:1:8; total flow 

rate: 50 ml/min.). 

Figure 12. Effect of promoter on the performance of the Ni/HY catalyst at 700 oC (GHSV = 3500 

h−1) (Reproduced with permission from[171]). 

Figure 13. CH4, CO2 conversions, H2/CO ratio over 10Ni and 10Ni15Ce during reaction for 24 

h; T = 800 oC, CH4/CO2/O2 = 1/0.8/0.1, GHSV = 60,000 mL/h·g. (Reproduced with permission 

from[136]). 

Figure 14. Effect of Y promotion on CH4 and CO2 conversion over a Ni/γ-Al2O3 catalyst 

(Reproduced with permission from[205]). 

Figure 15. Optimal Cu/Ni ratio for Cu-Ni/MgAlO catalysts to minimize coke deposition 

(Reproduced with permission from[220]). 

Figure 16. Proposed mechanisms of carbon gasification over Fe-Ni/MgAl2O4 (Reproduced with 

permission from[227]). 

Figure 17. Proposed reaction mechanism for La2O3 co-supported Ni/MgAl2O4 plasma-

catalyzed DRM (Reproduced with permission from[242]). 

Figure 18. Schematic representation of the chemical looping dry reforming of methane 

(CLDRM) process using a circulating bed reactor (A) or switching feed reactor (B) (Reproduced 

with permission from[253]). 

 


