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1. Motivation for the research  

1.1 Greenhouse gas emissions (GHGs) and Emissions reduction policies 

The growing concerns about global climate change and increasing social awareness of the 

environmental problems have created a need for more sustainable development. Thus, our society needs to 

face new challenges, such as mitigation of climate change, preservation of the environment, usage of 

renewable energy and replacement of fossil fuels. The realization of these challenges requires new 

breakthrough solutions in order to be successfully addressed. There is no doubt that carbon dioxide (CO2) is a 

common factor in these great challenges. The increasing emissions of this greenhouse gases (GHG) are of large 

concern and therefore nowadays a huge effort is dedicated to reduce emissions of GHG, especially carbon 

dioxide, which contributed in total to ca. 67% of 53 GtCO2eq (in 2012) GHG emission  [1,2]. 

 

Fig. 1 (A) World primary energy supply (TPSE) and CO2 emissions – shares by fuel in 2015 (adapted from [3]) and  
(B) global CO2 emissions by region in 1980-2013 [2] 

Carbon dioxide emissions have been constantly growing worldwide since pre-industrial era reaching 

the level of 36.2 Gt in 2016 [4]. This caused the increase of CO2 concentration from ca. 280 ppm (parts per 

million) in the mid-1800s to 397 ppm in 2014, with an average growth of 2 ppm/year in the last 10 years [5]. 

More than 60% of anthropogenic greenhouse gas emissions, for which over 90% is associated with CO2, are 

coming from energy sector. Between 1971 and 2013 an increase by 150% in global total primary energy supply 

(TPSE) has been observed, which is mainly caused by worldwide economic growth and development. Although 

for last few decades a huge development of renewable and nuclear energy sources was observed (which are 

considered non-emitting sources of energy), the world energy supply was relatively unchanged over past 42 

years and fossil fuels still account for ca. 81% (in 2015) of world primary energy supply (Fig. 1A) [5]. Therefore, 

carbon dioxide emissions are strongly associated with the combustion of fossil fuels. Two fuels which 

accounted for the highest CO2 emissions are coal and oil. Till early 2000s the shares of oil in global CO2 

emissions was exceeding those from coal. The situation changed in the beginning of 2000s, due to the higher 

consumption of coal by developing countries, such as India and China, where energy-intensive industrial 

processes are growing rapidly and large coal reserves are present.  

At the same time worldwide natural gas consumption increases. In 2014 world natural gas 

consumption was equal to 12.9 Gtoe, which was 22.5% higher with the respect to year 2004. Only to the last 

year an increase of 1% in natural gas consumption was observed [6]. This trend is predicted to develop even 

faster as natural gas is the cheapest fossil fuel and possesses the highest H/C ratio, which contributes to lower 

CO2 emissions with respect to other fossil fuels [7]. At the same time CO2 emissions connected with the 

consumption of natural gas were equal to ca. 6.38 Gt in 2015, which accounted for ca. 20% of total CO2 

emissions [8]. Whence, natural gas and carbon dioxide are closely connected. Finding an appropriate solution 

1980 1985 1990 1995 2000 2005 2010

0

5

10

15

20

25

30

35

28%

45%

32%

34%

21%

20%19%

1%

TPSE CO2 Emissions

0

20

40

60

80

100

P
e

rc
e
n

ta
g

e
 (

%
)

 Other   Natural Gas   Coal   Oil  

B

 

 

C
O

2
 e

m
is

s
io

n
s
 (

G
t)

Year

 North America

 Central and South America 

 Europe

 Euroasia

 Middle East

 Africa

 Asia and Oceania

 World

A



4 
 

to ease an environmental impact of these two gases is crucial for sustainable development towards low-carbon 

economy and can be realized for instance via dry reforming of methane process.  

It is also important to keep in mind, that the efforts to reduce CO2 emissions are not only necessary 

from the environmental point, but also there are several law regulations demanding significant improvement in 

GHG emissions i.e. Kyoto protocol [9], Paris COP21 climate agreement [10] and European Union Policies 

[11,12]. The latter turned out to be very effective as the CO2 emissions from EU countries by 0.4, 1.4 and 5.4%, 

respectively in 2012, 2013 and 2014 [5]. 

1.2 Solutions for the reduction of CO2 emissions 

The generally accepted solution for reducing CO2 emissions into the atmosphere involves the 

implementation of three strategies [13]: (1) a reduction in energy consumption, (2) a change in what we 

consume, or (3) a change of our attitude towards the resources and waste. Currently, the most developed 

strategies are (1) and (2). These two strategies are resulting in lower carbon consumption by development of 

technologies with higher efficiency, the decrease in consumption of energy per capita and replacement of fossil 

fuel-based energy sources by renewables, such as wind, solar, biomass etc. However, there is a huge potential 

in changing our attitude towards greatly produced waste – carbon dioxide. The  implementation of carbon 

dioxide utilization processes is a key element to sustainable development, as strategies (1) and (2) have a 

limited capacity, and, as it is predicted, fossil fuels will still be our main source of energy in coming decades. 

The reduction of carbon dioxide can be realized either by carbon capture and storage (CCS) technologies or via 

utilization of carbon dioxide as a chemical feedstock – CCU (Carbon Capture and Utilization). These two 

approaches are complementary, and while CCS technologies are aiming at capturing and subsequently storing 

huge quantities of carbon dioxide, the chemical utilization of CO2 aims at generating added-value products. 

Moreover, most technologies, which are currently developed as future CO2 utilization processes, require pure 

streams of CO2. Thus, implementation of both solutions CCS and chemical utilization of CO2 is required. CO2 

already finds a number of applications. However, its use as chemical feedstock has still a huge potential with a 

number of industrial opportunities and advantages [14,15]: 

 CO2 becomes an interesting raw material with almost zero or even negative costs. 

 CCU technologies can create a positive public image of companies, as with the increasing 

political and social pressure on reducing CO2 emissions, carbon dioxide will be utilized to 

valuable products. 

 Instead of inactive storage of carbon dioxide (CCS), CO2 will be recycled. It will also reduce the 

costs of CO2 transport. 

 With the production of new chemicals companies can gain new market shares. 

 CCU gives opportunities to produce organic chemicals in a safer way, as many organic 

synthesis produce pollutants as e.g. CO2 is ‘green’ alternative for toxic phosgene in organic 

synthesis of polycarbonates. 

Fig. 2 presents current and potential technologies which use CO2 for the production of synthetic fuels 

and added-value chemicals. It is predicted that processes involving CO2 conversion will be developed on 

industrial scale in the coming decades, creating in this way a new carbon dioxide based economy [16]. Since all 

of these reactions require the presence of catalysts, this clearly points to the importance of catalytic studies of 

these chemical reactions on laboratory and pilot scale. 

CO2 conversion to fuels, rather than organic chemicals, is expected to play a major role in CO2 emission 

management strategies. Firstly, because fuels market is much larger than the market of organic chemicals. 

Secondly, CO2 emissions are mainly associated with the production of energy from fossil fuels. As reported by 

Centi et al. [15] around 5-10% of current total CO2 emissions is suitable for the production of fuels, which 

corresponds to reduction of ca. 1.75-3.5 Gt CO2 emissions per year. As the processes of CO2 conversion into 

fuels are energy demanding, there is a need to apply and develop renewable technologies in order to supply 

energy for these chemical reactions. Thus, carbon dioxide and CCU technologies are a key element of our 
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sustainable development. This report is focusing on presenting the current state of knowledge and the 

developments achieved during the realization of NCBiR project ‘Technologies supporting Development of Safe 

Nuclear Energy’ concerning process of CO2 methane reforming (DRM). The DRM process has already been 

proven to may have a significant environmental and economic impact in the future. Therefore the research in 

this area may be crucial for future development towards low-carbon economy. 

 

 

Fig. 2 Catalytic routes for CO2 transformation into fuels and chemicals (adapted from [16]) 
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2. Dry reforming of methane – applications 

The first investigations concerning converting CO2 and CH4 into synthesis gas were reported in 1888. 

The process was further investigated by Fischer and Tropsch in 1928 [17]. Thus DRM process is not a new 

concept. Nowadays, dry reforming reaction has again gained much attention due to the possibility of utilizing 

two greenhouse gases (carbon dioxide and methane) and the production of a very valuable mixture of H2 and 

CO – a building block for the production of liquid fuels and chemicals. Moreover, DRM can utilize natural gas 

fields which contain high amounts of CO2 and are currently economically unprofitable to be extracted. Such gas 

fields often contain, apart from hydrocarbons, also carbon dioxide, whose concentration can vary from a few 

percent up to even 70%, as reported e.g. for Natuna natural gas field in Indonesia [18]. Studies carried out by 

Suhartanto et al. [18] confirmed possible application of DRM technology for this field, which, as confirmed, 

contains ca. 1302 billion cubic meters of gaseous hydrocarbons.  

2.1 Synthesis gas production – comparison to other processes 

In 2010 syngas production was over 70 000 MWth, 45% of which was used to produce chemicals and 

38% to produce liquid fuels [14]. Synthesis gas is currently produced on industrial scale via steam reforming of 

methane (eq. 1) on nickel-based catalysts, or gasification and pyrolysis of carbonaceous materials. However, 

very interesting alternative is to produce synthesis gas from methane in dry reforming process (DRM) (eq. 3). 

Another alternative is to perform partial oxidation of methane (POM) (eq. 2). The reforming routes for 

production of synthesis gas are summarized in Table 1. 

Table 1 Methane reforming processes resulting in synthesis gas production 

Process Main reaction 
ΔH

298
0
 

(kJ/mol) 

E
quation 

Steam Reforming of 
Methane (SRM) 

CH4 + H2O ⇌ CO + 3H2 
20

6 
(

1) 

Partial Oxidation of 
Methane (POM) 

CH4 + ½O2 ⇌ CO + 2H2 -36 
(

2) 

Dry Reforming of Methane 
(DRM) 

CH4 + CO2 ⇌ 2CO + 2H2 
24

7 
(

3) 

Autothermal reforming 

CH4 + CO2 ⇌ 2CO + 2H2 
24

7 
(

4) 

CH4 + H2O ⇌ CO + 3H2 
20

6 
(

5) 

In excess of methane, heat 
from CH4 combustion: 

 
 

CH4 + 2O2 ⇌ CO2 + 2H2O 
-

880 
(

6) 

Tri-reforming 
Combination of SRM, DRM 

and POM 
 

 

Accompanying and side reactions: 

Water Gas Shift (WGS) H2O + CO ⇌ CO2 + H2 -41 
(

7) 

Reverse Water Gas Shift 
(RWGS) 

H2 + CO2 ⇌ H2O + CO 41 
(

8) 

Boudouard reaction 2CO ⇌ C + CO2 
-

172 
(

9) 

CH4 decomposition CH4 ⇌C + 2H2 75 (
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10) 

Oxidation of methane (OM) CH4 + 2O2 ⇌ CO2 + 2H2O 
-

802 
(

11) 

As presented in Table 1 synthesis gas can be produced from methane through different routes such as 

steam reforming of methane (SRM), DRM, partial methane oxidation (POM), autothermal reforming or tri-

reforming process. The obtained H2/CO molar ratio varies depending on the type of oxidant applied in a given 

process. The commercialization of DRM would be beneficial not only from the environmental perspective, but 

also because DRM could become a good alternative for other syngas producing reactions. 

Steam reforming has been developed on the industrial scale in 1930s, and since then was strongly 

developed, becoming nowadays the main technology of syngas production which operates at or near its 

theoretical limits [19,20]. SRM process gives the highest H2/CO molar ratio around 3, making it a suitable 

method for hydrogen production via water gas shift WGS. In this way e.g. H2 for ammonia synthesis plants is 

produced. However, WGS reaction produces high amounts of CO2. On the other hand, such high H2/CO molar 

ratio makes syngas from SRM unsuitable for other chemical process, such as synthesis of organic oxygenated 

compounds (methanol, acetic acid) or hydrocarbons. In Fischer-Tropsch (FT) synthesis high H2/CO ratios limit 

carbon chain growth [19]. In this way DRM reaction, which gives H2/CO molar ratio around unity, can be 

considered more suitable for FT synthesis for production of long chain hydrocarbons or valuable oxygenated 

chemicals.  

SRM and DRM reactions are both endothermic and thus require high energy inputs, which are 

currently supplied for SRM process by the combustion of fossil fuels, contributing in this way to the growth of 

CO2 emissions [21]. The generally accepted solution, in order to contribute to CO2 emissions reduction, is to 

power DRM process by either renewables or nuclear energy. Moreover, SRM process is considered rather 

expensive, as it operates at high pressures (higher than DRM [22]) and requires high-temperature steam, which 

generates additional costs. Er-rbib et al. [22] compared SRM and DRM processes in terms of energy balance 

and CO2 emissions for the production of synthesis gas and further H2 production via WGS reaction (Table 2). 

Their studies clearly show, that DRM can contribute to reduction of CO2 emissions while producing synthesis 

gas. On the other hand, DRM is rather not suitable for H2 production, as production of 1kg of H2 via DRM 

requires ca. 1.5 times more energy than SRM. At the same time application of DRM is connected to lower or 

negative CO2 emissions with respect to SRM for both syngas and H2 production. Although both processes give 

synthesis gas, the composition of the obtained product differs. Thus SRM and DRM can be used to supply 

syngas for different chemical processes and markets. 

Table 2 Energy and CO2 balances of steam and dry reforming of methane processes (adapted from [22]) 

 Steam reforming of Methane (SRM) Dry reforming of Methane (DRM) 

 Energy balance CO2 balance Energy balance CO2 balance 

Synthesis gas 
production 

6.65  
MJ/kg(CO+3H2) 

0.45  
kgCO2/kg(CO+3H2) 

4.35 
MJ/kg(2CO+2H2) 

-0.44 
kg CO2/kg(2CO+2H2) 

Hydrogen 
production 

27 
MJ/kgH2 

7 

kgCO2/kgH2 

42.7 
MJ/kgH2 

2.34 

kgCO2/kgH2 

Syngas can be also produced via partial methane oxidation, which was first investigated in the 1930’s 

and 1940’s [19]. POM is an exothermic process, and thus does not require such high energy inputs as SRM and 

DRM. On the other hand, the process requires pure stream of O2, which generates additional costs. The 

performance of POM process in the stream of air, is considered not beneficial due to the high content of 

balance N2. Moreover, high exothermicity of the reaction can generate additional problems, such as hot spots 

in catalysts, and thus make process control difficult. At the same time, it is very important to control POM, as 

CH4 and O2 can form an explosive mixture [19]. The process gives H2/CO molar ratio around 2, making it 

suitable for the market competition with DRM. 
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In order to eliminate high energy demand for SRM and DRM reactions, the concept of autothermal 

reforming (ATR) was developed. ATR technology is a combination of POM and SRM, or POM and DRM, so it 

includes both exothermic and endothermic reactions. The energy released in POM is consumed by the 

endothermic reaction, making the process autothermal. The feed gas composition influences the obtained 

H2/CO molar ratio. Typically, the values of H2/CO between 1 and 2 are obtained. The main drawback of ATR 

process is high cost of oxygen separation [23].  

Tri-reforming (TRM) process seems to be the most advantageous method of syngas production. The 

combination of SRM, DRM and POM makes the process suitable for direct conversion of flue gases from fossil 

fuelled power plants to synthesis gas. Typically, flue gas from fossil fuelled power plant contains 12-14% CO2, 8-

10% H2O, 3-5% O2 and 72-77% N2, while that form natural-gas fired one contains 8-10% CO2, 18-20% H2O, 2-3% 

O2 and 67-72% N2 [24–26]. However, there is still a problem of high concentration of balance N2. This issue can 

be resolved by implementation of oxyfuel combustion, which results in the decrease of N2 concentration of flue 

gases. Depending on the applied conditions, such as temperature and feed gas composition, it is possible to 

tailor thermal effect of the process to obtain mildly endothermic, almost thermoneutral or mildly exothermic 

process, and an appropriate distribution of the obtained products (H2/CO molar ratio) [27]. It must be stressed, 

however, that TRM process, due to the presence of a large number of reagents, is influenced by the occurrence 

of a large number of side reactions, which makes the chemistry of the process hard to study.  

2.2 Industrial experience with large scale reforming of CO2-rich gas 

The industrial applications of dry reforming process are so far limited to a combination of steam 

reforming and dry reforming reactions. The addition of CO2 into a feed allows to control distribution of 

obtained products, i.e. H2/CO molar ratio. Depending on the subsequent application of obtained synthesis gas, 

processes differ in operating parameters and feed composition. The comparison of different large-scale 

reforming processes which apply CO2-rich gas is compared in Table 3 [28].  

In a typical large-scale combined SRM-DRM reforming plant, feedstock, which may be composed from 

lean natural gas to heavy naphtha, is first heated to ca. 400°C and undergoes desulphurization process in order 

to remove sulphur species. Higher hydrocarbons which may be present in the feed, are converted into a 

mixture of H2, CO2, CH4 and traces of CO in a pre-reformer. This stage is usually realized in the temperature 

range 400-550°C in order to avoid deactivation by carbonaceous deposits from higher hydrocarbons. In the 

next stage, the feed gas is introduced into a tubular reactor where actual reforming takes place and a mixture 

of CH4/CO2/H2O  is converted into synthesis gas. The reactor tubes are placed in the furnace powered by the 

combustion of fuels to supply heat for endothermic reforming process. The temperature in the reformer may 

differ, depending on the process. Usually it is performed at high temperatures, up to 1000°C. 

The commercialization of such reforming plants is dependent on carbon-free operation. It is essential 

because of the problems connected with high pressure drop or expensive costs of loading of a new batch of 

catalyst. As it can be seen from Table 3, so far, large-scale reforming plants apply nickel catalyst supported on 

alumina-magnesia. This, clearly points that the search for a catalyst for DRM reaction should be focused on 

similar systems. 

The two most often mentioned in literature large-scale reforming technologies, which apply DRM 

reaction, are CALCOR and SPARG processes [29].  
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2.2.1 CALCOR process 

The production of carbon monoxide realized via CALCOR process combines SRM with DRM. The first 

pilot plants which applied this process were built in the 40s of the last century [30]. Laboratory scale studies 

carried out by Reitmeier et al. [30] showed that it is possible to obtain synthesis gas with high excess of CO 

(H2/CO around 0.5) by a combination of steam and dry reforming reactions without any difficulties arising from 

the deposition of carbon. Currently, CALCOR process is a well-established technology for production of pure 

CO, which can be further utilized on-site for the conversion to organic compounds, such as phosgene.  

In CALCOR process carbon monoxide is obtained by steam reforming of natural gas mixed with 

recycled CO2 at high temperatures and high pressures in the presence of an undisclosed catalyst. It is believed, 

that high resistance to coking in CALCOR process is obtained via application of a few catalysts with various 

activities and shapes, which are placed in a different parts of reformer tubes. The process requires highly 

cleaned feed in order to protect the catalysts from sulphur poisoning. Usually in standard CALCOR process 

syngas with H2/CO molar ratio around 0.42 is obtained [31]. The required heat comes from the combustion of 

fossil fuels and tail gas from CO purification units. It should be mentioned, however, that the application of 

DRM reaction in CALCOR process does not result in CO2 emissions reduction. The analysis showed that for 

every ton of CO produced, ca. 1.8 tons of CO2 is emitted to the atmosphere.  

2.2.2 SPARG process  

Sulphur Passivated Reforming (SPARG) process was commercialized in 1987 [29]. It combines steam 

and dry reforming with the aim to obtain synthesis gas with H2/CO molar ratio around 1.8, which can be further 

used to produce acetic acid, dimethyl ether or oxo-alcohols. SPARG utilizes nickel-based catalyst, which 

resistance to coking was increased by passivation of nickel surface by sulphur. In this way active sites for 

carbon-forming reactions are poisoned, while catalytic activity towards reforming is maintained (‘promotion by 

poisoning’) [32]. The poisoning of Ni active sites is performed by co-feeding small amounts of H2S and H2 and 

needs to be carried out carefully in order to avoid the formation of nickel sulphides, which inhibit catalyst 

activity towards SRM/DRM [28]. SPARG process proceeds at high temperatures around 1000°C. 

2.3 Potential future applications of DRM reaction  

2.3.1 Chemical Energy Transmission and/or Storage Systems (CETS) 

Dry reforming reaction may be applied in exothermic-endothermic reaction-cycle systems for 

transport and storage of energy. The schematic concept of the so called chemical energy transmission systems 

is presented in Fig. 3. Endothermic reaction is powered by fossil, nuclear or renewable energy. The products of 

the reaction, which store energy, are saved for later use or transported through pipelines to a location where 

exothermic reaction releases energy [33]. 

So far several concept of this CETS system has been considered for industrial application. The most 

advanced developments have been made in the nuclear ADAM-EVA process [33]. The application of DRM 

reaction is CETS systems has a huge potential. McCrary et al. [34] and Chubb [35] proposed SOLCHEM 

technology. In this concept, reversible closed-cycle chemical reactions are carried out in order to transport 

solar energy from solar collectors to a central station, where the energy could be released in case of increased 

demand. The process investigated CO2 reforming-methanation cycle, in which a mixture of CH4 and CO2 

underwent dry reforming reaction at temperatures higher than 700°C, giving H2 and CO. The energy for the 

DRM reaction was supplied from the solar collectors. Obtained syngas can be transported and subsequently 

undergoes methanation at temperatures below 600°C, to form methane and carbon dioxide. The stored energy 

is released in this exothermic reaction. Although, the SOLCHEM concept has not been developed on the 

industrial scale, it proposes an alternative way to use DRM reaction as an energy carrier. 
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Fig. 3 The scheme of chemical energy transmission system (CETS) for transport and storage of energy 

Similarly as proposed in SOLCHEM technology, DRM reaction can be powered by other renewables or 

nuclear energy. The only limitation concerning the application of DRM in CETS is the offer of a stable catalyst. 

2.3.2 DRM for production of chemicals 

Apart from the application of DRM as a way of transport and storage of energy, the main potential 

future application of this process is associated with the production of synthesis gas to be used in subsequent 

synthesis of fuels or chemicals.  

Table 4 The comparison of different concepts of CO2 conversion to varied products, implementing DRM reaction (adapted 
from [21]) 

Route 
Moles of CO2 

mitigated per mole 
of CO2 consumed 

Conclusions 

CH4 to higher hydrocarbons (HC) 

A net reduction of 
0.95 moles of CO2 

This is an effective method of CO2 
mitigation 

Reactions: 

CH4 + CO2 ⇌ 2CO + 2H2 

CH4 + H2O ⇌ CO + 3H2 

6CO + 13H2 ⇌ C6H12 + H2O 

CH4 to methanol 

A net reduction of 
0.66 moles of CO2 

Provides a trap for some CO2. The 
methanol production by combined SRM-

DRM process will contribute only to 
small global CO2 emissions reduction. 

Reactions: 

CH4 + CO2 ⇌ 2CO + 2H2 

CH4 + H2O ⇌ CO + 3H2 

CO + 2H2 ⇌ CH3OH 

CH4 to carbon 

A net reduction of 1 
mole of CO2 

Offers an energy efficient means of CO2 
mitigation. Carbon can be used as 
adsorbent or as catalyst support. 

Reactions: 

CH4 + CO2 ⇌ 2CO + 2H2 

2CO + 2H2 ⇌ 2C + 2H2O 

It has been proven that there is a need on the market for synthesis gas with H2/CO molar ratio lower 

than that obtained via SRM process [28]. In this way not only added-value products could be obtained, but also 

CO2 emissions could be reduced. 

Ross et al. [21] analysed CO2 mitigation connected with potential future applications of DRM reaction 

as the means of producing hydrocarbons via FT synthesis, methanol and carbon (via reduction of CO). The 

results presented in Table 4, showed that the combination of DRM and SRM could attribute to the reduction of 
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CO2 emissions, if powered by non-fossil fuel energy source. The application DRM process alone might be thus 

even more beneficial.  

The main problem limiting the application of DRM reaction is the formation of carbon deposits on the 

catalyst surface. Therefore, the commercialization of DRM reaction on industrial scale is depended on the 

offer of new stable and active catalyst and price of ton of CO2 (around 8€ nowadays). 
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3. Thermodynamic analysis of CO2 methane reforming  

The dry reforming of methane is highly endothermic reaction and high temperatures are required in 

order to obtain considerable conversions of CH4 and CO2. Additionally, there is a number of possible side 

reactions which may occur during DRM process, and thus thermodynamic analysis of the process is important. 

Partial information concerning thermodynamic equilibrium calculations studied based on the minimization of 

Gibbs free energy is available in literature [36–43]. Nikoo et al. [36] studied the thermodynamics of DRM 

reaction in the view of carbon formation. Istadi et al. [37] investigated the possibilities of the formation of C2 

hydrocarbons, but the possible C-forming reactions were not analysed. Li et al. [38] compared thermodynamic 

calculations for autothermal, steam and dry reforming processes. The analysis of DRM at high pressures was 

performed by Chien et al.[39]. Shamsi et al. [40] reported thermodynamic data of two carbon-forming 

reactions in DRM process: CH4 decomposition and Boudouard reaction. Sun et al. [41] analysed the 

thermodynamics of steam and dry reforming in a view of their solar thermal applications. Soria et al. [42] and 

Ozkara-Aydinoglu [43] carried out the thermodynamic analysis of combined SRM-DRM systems. Propane dry 

reforming was analysed by Wang et al. [44].  

The thermodynamics of DRM was also analyzed by the authors of this report. The thermodynamic 

equilibrium concentration analysis of DRM reaction was performed with HSC Chemistry 5 software based on 

minimization of Gibbs free energy method. The effects of temperature and concentration of substrates were 

considered while calculating equilibrium compositions. The possible reactants in the DRM reaction, which were 

taken into account during analysis, were: Ar(g), CH4(g), C2H2(g), C2H4(g), C2H6(g), CO(g), CO2(g), H2(g), CH3OH(g), 

CH3OCH3(g), C(s) and H2O(g). Ar(g), CH4(g) and CO2(g) were introduced into the system as the substrates, while other 

reactants were considered as possible products of DRM and side reactions. The summary of this analysis is 

presented below and in the Fig. 4.  

CH4 conversion was increasing with temperature and reached ca. 100% at 800°C. CO2 conversion 

decreased with temperature till it reached minimum in the temperature range 500-600°C and then an increase 

in conversion was observed. CO2 conversions reached ca. 100% at temperatures higher than 950°C. In the 

whole temperature range CH4 conversions were higher than for CO2, especially in the low temperature range. 

This clearly indicates that both methane and carbon dioxide are involved in side reactions. It is reflected also in 

the excess of produced H2, especially at low temperature as illustrated by Fig. 4 B, where the values of H2/CO 

molar ratio reached unity above 850°C. Apart from the products of DRM reaction, H2 and CO, carbon and water 

were formed. The concentration of other chemical compounds that were included in the study, such as CH3OH, 

C2H6, C2H4, CH3OCH3, HCOOH, were observed at the level of ca. 1·10
-3

 -1·10
-4

  moles for C2 hydrocarbons, and 

were even lower for the other considered chemicals, and thus the influence of reactions involving these 

chemicals on DRM process may be neglected and will not be discussed further. 

The equilibrium water content was decreasing with the increase of temperature and only negligible 

amounts of water were present in the system at temperatures higher than 900°C. Water can be formed in 

RWGS reaction, reduction of CO and CO2 with hydrogen and methanation processes. It is most probable that in 

the low temperature range RWGS contributes the most to the water formation. The same conclusion was 

reported by Soria et. al. [42]. 

Equilibrium carbon content was decreasing with the increase of temperature and almost no carbon 

formation may be observed at temperatures higher than 900°C (cp. Fig. 4 A and E). Up to 550°C the amount of 

carbon deposits decreased slowly, and above 550°C the decrease was rapid. As is reported in literature [36], 

carbon formation at low temperatures may be mainly associated with the disproportionation of CO. The 

reverse reaction is highly endothermic, and thus promoted at high temperatures, which can contribute to the 

oxidation of carbon deposits and results in the decrease of equilibrium carbon content. On the other hand, 

endothermic direct CH4 decomposition is responsible for carbon formation at high temperatures.  

 

A B 
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Fig. 4 The influence of temperature on the equilibrium concentration of reactants during DRM. Temperature 

range 300-1200°C. Atmospheric pressure.  
(A) equilibrium conversions of reactants for CH4/CO2/Ar=1/1/8; (B) equilibrium H2/CO molar ratio;  

(C) CH4 equilibrium conversion; (D) CO2 equilibrium conversion;  
(E) Equilibrium moles of carbon; (F) equilibrium moles of H2O; 

The obtained values of H2/CO ratio showed an excess of hydrogen in the system (Fig. 4 B), which is 

decreasing with the increase of temperature. This effect may be explained by the occurrence of direct methane 

decomposition and SRM reactions. As reported by Ozkara-Adinoglu [43] for the combined SRM-DRM process, 

CH4 reacts more easily with water than CO2, since the latter is a very stable molecule. Additionally, in the low 

temperature range exothermic water gas shift (WGS) can influence DRM process and contribute to H2 

production.  
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3.1 Thermodynamics of side reactions 

Table 5 presents the list of possible reactions which may occur in DRM process. The reactions (or 

group of reactions) are [7,36,37,40,41,43]: 

 Reverse water gas shift – RWGS (eq. 2) – accompanies DRM reaction in whole temperature range 

 Carbon forming reactions (eq. 3-6):  

o CH4 decomposition (eq. 3) – favored at high temperatures;  

o Boudouard reaction (eq. 4) – favored below 550°C; 

o Hydrogenation of CO and CO2 (eq. 5-6) – do not influence process significantly; 

 Oxidative coupling reactions (eq. 7-8) – occur at high temperatures; 

 Dehydrogenation (eq. 9) – occurs at high temperatures;  

 Hydrogenation of CO and CO2 (eq. 10-12) – at high temperatures favorable towards reverse side  

 Methanation (eq. 13-14) – favorable at temperatures below 550°C 

 Dehydration (eq. 15) – highly influenced by equilibrium limitations; 

 Reforming reactions (16-22) – tent to occur at high temperatures. 

The influence of each reaction presented in Table 5 on the overall DRM process is different. In general, 

as the main side reactions are considered RWGS (eq. 2), CH4 decomposition (eq. 3) and disproportionation of 

CO (eq. 4). The influence of other reactions is rather insignificant [36,37]. However, they still need to be taken 

into account, as e.g. reforming reactions (eq. 16-22) can contribute to the syngas production. The temperature 

ranges in which the main DRM side reactions are favored are presented in Fig. 5. 

 

Fig. 5 Temperature ranges in which the main side reactions during DRM process are favourable 

 

 

Table 5 The main reactions which may occur during dry reforming of methane (adapted and modified from [36]) 

Reaction 
number 

Reaction 
∆H

0
298 

(kJ/mol) 

 Dry reforming  
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1 CH4 + CO2 ⇌ 2CO + 2H2 +247 

 Reverse Water Gas Shift  

2 CO2 + H2 ⇌ CO + H2O +41 

 Carbon forming reactions  

3 CH4 ⇌ C + 2H2 74.9 

4 2CO ⇌ C + CO2 -172.4 

5 CO2 + 2H2 ⇌ C +2H2O -90 

6 CO + H2 ⇌ C + H2O -131.3 

 Oxidative coupling of methane  

7 2CH4 + CO2 ⇌ C2H6 + CO + H2O +106 

8 2CH4 + 2CO2 ⇌ C2H4 + 2CO + 2H2O +284 

 Dehydrogenation  

9 C2H6 ⇌ C2H4 + H2 +136 

 Hydrogenation of CO and CO2  

10 CO + 2H2 ⇌ CH3OH -90.6 

11 CO2 + 3H2 ⇌ CH3OH + H2O -49.1 

12 CO2 + H2 ⇌ HCOOH 15 

 Methanation  

13 CO2 + 4H2 ⇌ CH4 + 2H2O -165 

14 CO + 3H2 ⇌ CH4 + H2O -206.2 

 Dehydration  

15 2CH3OH ⇌ CH3OCH3 + H2O -37 

 Reforming  

16 CH3OCH3 + CO2 ⇌ 3CO + 3H2 +258.4 

17 C2H6 + 2H2O ⇌ 2CO + 5H2 +350 

18 C2H6 + 2CO2 ⇌ 4CO + 3H2 +430 

19 C2H4 + 2CO2 ⇌ 4CO + 2 H2 +290 

20 C2H4 +2H2O ⇌ 2CO + 4H2 +210 

21 CH3OCH3 + 3H2O ⇌ 2CO2 + 6H2 +136 

22 CH3OCH3 + H2O ⇌ 2CO + 4H2 +204.8 

3.2 Optimal conditions for DRM reaction  

Basing on the thermodynamic analysis of DRM process presented in literature [36–44], some general 

remarks concerning optimal conditions for dry reforming of methane can be formulated: 

 Considerable conversions of both CH4 and CO2 and H2/CO molar ratios around unity can be 

reached at temperatures higher than 700°C and atmospheric pressure. (DRM is 

thermodynamically favourable above 700°C).  

 Carbon formation can be suppressed by introducing the excess of CO2 into reaction system 

and carrying out the process at high temperatures.  

 The reaction is favourable at low pressures, as at high pressures carbon formation increases 

and CO2 and CH4 conversions decreases.  
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 Introduction of other oxidizing agents such as water or O2 can also decrease carbon 

formation [38,41–44]. 

The above remarks are very general. The high temperatures of reaction promote DRM route and 

inhibit side reactions. However, from the economic and technical perspective it would be more beneficial to 

perform DRM process at temperatures lower than 700°C. In order to do that, active, stable and selective 

catalysts needs to be introduced into the DRM reaction system, which can promote a kinetic inhibition of 

carbon formation and shift selectivity of the process towards DRM.  
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4. Catalysts for DRM  

Carbon dioxide is a stable molecule, thus its chemical activation requires highly active metal catalysts. 

The catalytic performance of the material may be affected by numerous variables, such as active material, 

support, promoter, calcination temperature and conditions, reducing environment, preparation method, 

particle size, shape, and reactor selection. 

During last decades great efforts have been undertaken to develop of highly active and stable DRM 

catalysts. The deactivation of DRM catalysts is mainly caused by: (i) the formation of catalytic coke, which may 

result in the blockage of pores and active sites, (ii) sintering of active material, as DRM is carried out rather at 

high temperatures, or (iii) oxidation of metallic active sites. The application of different types of materials, 

preparation methods and application of promoters may lead to overcoming these problems. The following part 

of the report discusses the literature information on the influence of these variables on catalytic activity of 

materials tested in DRM process. 

4.1 The role of active component 

It has been reported that in general transition metals of 8, 9 and 10 groups of periodic table (VIII group 

metals in old classification) are active materials for DRM reaction i.e. iron, cobalt, nickel, ruthenium, rhodium, 

palladium, osmium, iridium and platinum (Fig. 6). There are no reports regarding Os-based catalyst. Table 6 lists 

different sequences of catalytic activity in DRM reaction reported for these transition metals. Moreover, it is 

important to stress, that the selection of active phase in catalysts affects, besides activity, also catalyst 

selectivity and stability, which can be more critical properties where commercialization of catalytic process is 

concerned. 

 

Fig. 6 The metals which showed catalytic activity in dry reforming reaction 

Solymosi et al. [45] investigated the catalytic activity of noble metals supported on alumina (Pt, Pd, Rh, 

Ru, Ir), which, in terms of turnover numbers, followed the sequence: Ru>Pd>Rh>Pt>Ir. This sequence was the 

same as the ability of noble metals to dissociate CO2. The largest amount of coke deposits was observed for Rh 

and Pt catalysts and the least for Pd-containing one. The authors found that methane alone showed little 

reactivity towards supported noble metals. Their conclusion was that activity of noble metals in DRM reaction 

was associated with their ability to dissociate CO2 to adsorbed CO and O species, which in turn, can promote 

dissociation of methane to adsorbed CHx and H species, and thus DRM reaction. Ashcroft et al. [46] compared 
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activity of noble metals with non-noble nickel supported on alumina. The highest activity towards DRM was 

observed for Ir- and Rh-based catalysts, which did not exhibit the formation of coke deposits during 200h tests, 

and showed conversions of CH4 and CO2 equal to almost 90% at 777°C. The high conversions of CH4 and CO2 

over Ni/Al2O3 catalyst (higher than for Pd and Ru) were observed due to the higher loading of active phase. 

However, Ni-based catalyst showed the highest amount of coke deposits after catalytic tests. Similar effect was 

observed by Barama et al. [47] and Hou et al.[48]. 

CO2 reforming of methane over Pt, Rh, Rd, Ir, Pd and Ni supported magnesia catalysts was examined 

by Rostrup-Nielsen et al.[49]. The catalytic performance of prepared materials was compared in SRM and DRM 

reaction. The obtained results showed that Rh- and Ru-based catalysts were the most active ones in DRM 

reaction, with high reaction rates and no carbon deposition. A similar catalytic activity was registered by Ni, Pt 

and Pd catalysts. However, Ni-based catalysts exhibited high amounts of carbon whiskers-like deposits. The 

authors showed that passivation of Ni-based catalyst by sulphur could enhanced its resistance to coke 

formation, but in order to obtain high reaction rates higher temperatures than those for Rh- and Ru-based 

catalysts were required. 

Tsyganok et al. [50] proposed an efficient method of introducing precious metals (Ru, Rh, Ir, Pt, Pd, Au) 

into the structure of hydrotalcite-derived Mg(Al)O mixed-oxides. Ru or Rh containing catalysts showed the 

highest conversions of CH4 and CO2. Over these two catalysts conversions of CO2 were a few percent higher 

than those of CH4, pointing to the occurrence of RWGS. The highest catalytic activity and resistance to coke 

formation was observed for Ru-based catalyst which was additionally tested over 50h timer on stream (TOS). 

The good performance was ascribed to high dispersion of very small (under 1.5 nm) Ru crystallites on the 

catalyst surface. Pt-containing catalyst showed much lower activity and the activity of Pd catalyst was 

suppressed by heavy formation of coke deposits. Au turned out to be practically inactive in DRM.  

The performance in DRM reaction of Fe, Co and Ni supported on ceria was compared by Asami et al. 

[51]. The highest activity at 850°C was observed for Ni/CeO2 catalysts. As over 20h on stream, no change in CO2 

and CH4 conversions, as well as H2/CO molar ratios close to unity were observed. It was stated that Ni/CeO2 

catalyst did not undergo deactivation. This was ascribed to strong metal-support interactions. However, at 

700°C deactivation of Ni/CeO2 catalyst was observed. Co-based catalyst also showed good conversion of CH4 

and CO2. However, the initial values of CH4 conversion were low, due to incomplete reduction of cobalt species. 

Fe/CeO2 catalyst had the lowest activity and poor selectivity, caused by the deactivation of catalyst.  

The theoretical calculations considering activity in DRM on (111) planes of transition metal surfaces 

(Cu, Ni, Pd, Pt, Rh, Ru, Ir and Fe) were performed by Hei et al. [52]. The authors studied heats of chemisorption, 

activation barriers and enthalpy changes for different species involved in DRM reaction on transition metal 

surfaces, and based on obtained results proposed the mechanisms of DRM reaction, and the activity sequence: 

Fe > Ni > Rh > Ru > Ir > Pd > Pt > Cu. Authors stated that noble metals could desorb CO before its 

decomposition to carbon, while Fe and Ni tended to dissociate CO to carbon and oxygen. Thus non-noble 

metals catalysts promoted carbon forming reactions, which affected their stability.  

It must be mentioned, however, that the direct comparison of activity of transition metals in DRM 

reaction as reported in literature [45,51,53,54], is rather difficult as the reported catalysts (Table 6) were tested 

under different reaction conditions (temperature, contact time, feed gas composition), as well as different 

supports were used, which may influence metal-support interactions. Thus only general conclusions may be 

withdrawn. The noble metal-based catalysts show good activity and selectivity in DRM reaction. Among noble 

metals, Rh- and Ru-based catalysts are the most active ones [45,47–52], but the better chances of industrial 

applications the latter, as ruthenium is cheaper than rhodium [52].  
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From non-noble metals, only nickel-based catalysts showed similar activities and selectivities to those 

reported for noble metals. Activity of nickel-based catalyst may be enhanced by introduction of higher loadings 

of active phase than noble metals [47–49]. On the other hand, non-noble metals show tendency to promote 

carbon-forming reactions which can cause catalyst deactivation and reactor plugging. In general high resistance 

of noble metals to coke formation can be explained by the fact that that they do not dissolve carbon to such 

high extent as in e.g. Ni, which is responsible for the formation of carbon deposits, in the latter case.  

Noble metals are usually introduced onto catalyst support in small amounts, due to their high price, 

and thus form small crystallites which promotes carbon-free operation [55,56].  

Despite better performance of noble-metal-based catalysts, most of the reported research is focused 

nowadays on nickel-based ones, as Ni is much cheaper and more available [56]. In comparison to other non-

noble metals, e.g. Fe, Co, nickel-based catalysts are less prone to coking [52]. This is why, the next part of this 

report will be focused on nickel-based catalysts tested in dry reforming of methane.  

4.2 Nickel-based catalysts  

Nickel was found to be the most suitable non-noble catalyst in DRM reaction. The research on nickel-

based catalyst is currently focused mainly on increasing catalysts stability. The high endothermicity of dry 

reforming of methane requires high reaction temperatures. This unavoidably leads to the sintering of nickel 

particles, as its Tammann temperature is equal to 600°C [57]. Moreover, it also accelerates the deactivation via 

carbon deposition, as carbon-forming reactions proceed more easily on large nickel crystallites [55]. Therefore, 

several approaches have been proposed in order to increase stability of Ni-based catalysts, such as [58]:  

 Employing appropriate catalysts preparation method to inhibit coke growth.  

 Using metal oxides with strong Lewis basicity as supports or promoters, as basic sites enhance CO2 

adsorption. Metal oxides can promote oxidation of carbon deposits (reverse Boudouard reaction), 

but, on the other hand, supports which exhibit Lewis acidity enhance formation of coke deposits.  

 The addition of second metal, i.e. noble metal, which can enhance the transport of hydrogen and/or 

oxygen between active site and support by spillover, and can influence the mechanism of coke 

formation.  

 Sulphur passivation of Ni catalysts, which blocks the step edge sites where coke build-up is initiated. 

 Changing reaction conditions by the addition of oxidizing agents, such as water or oxygen which can 

help to oxidize carbon deposits.  

In this subchapter an overview of the research for Ni-based catalyst carried out during ca last 20 years 

is presented. More general reviews of catalysts for dry methane reforming were discussed by Edwards and 

Maitra [59], Wang and Lu [60], Bradford and Vannice [17], Hu and Ruckenstein [55], Fan et al. [61], Lavoie[7] 

and recently by Usman et al. [62], Abdullah et al. [63], Wang et al. [64] and Aramouni et al. [65]. 

4.2.1 The role of support  

The role of support in the catalyst is very important. It determines the dispersion of catalytically active 

metal particles and resistance to sintering, stabilizes and promotes active sites, provides large active surface 

area, may participate in the reaction itself and can modify catalytic properties of active phase and thus in e.g. 

increase resistance to coking [20,55]. In DRM reaction, nickel-based catalysts on various supports were tested, 

such as single oxides (Al2O3 [66–72], MgO [73–78], CeO2 [79–81], ZrO2 [82], SiO2  [57,83,84], ordered 

mesoporous silica – SBA-15 [85], La2O3 [86], TiO2 [87]), mixed oxides (MgO-Al2O3 [88–91], CeO2-ZrO2 [92,93], 

CeO2-Al2O3 [94]), zeolites (zeolite Y, zeolite A, zeolite X,  ZSM-5) [95], clays (clinoptolite [96], diatomite [97], 

vermiculite [98], montmorlonite [99]) and carbon-based materials (carbon nanotubes, activated carbon) [100] 

(Table 7).  
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Alumina – Al2O3  

Alumina is one of the most commonly studied supports for nickel catalysts [55,56]. It is relatively 

cheap and possesses high specific surface area, basic character and α-Al2O3 phase possesses high thermal 

stability. However, the catalytic properties of Ni/Al2O3 catalyst in DRM reaction and its resistance to carbon 

formation depends on the catalyst structure, composition, calcination conditions and preparation method. 

Beccera et al. [66] studied the influence of calcination temperature on activity of impregnated Ni/Al2O3 

catalysts. With increase of calcination temperature higher amounts of NiAl2O4 spinel phase were formed, which 

suppressed catalytic activity at low temperatures (below 700°C). At reaction temperatures higher than 700°C 

this effect was not so evident, as calcination temperature did not influence the activity of Ni/Al2O3 catalyst. At 

the same time, the formation of spinel phase increased catalyst resistance to coke formation. As explained by 

Hu et al. [55] this was the result of strengthening of the Ni-O bond in NiAl2O4 with respect to NiO crystal, thus 

increasing the difficulty of Ni
2+

 reduction to Ni
0
, and resulting in the formation of smaller nickel crystallites on 

the surface. Similar results were reported by Chen and Ren [68]. Bhattacharyya and Chang [69] also reported 

that NiAl2O4 catalysts prepared via co-precipitation exhibited higher activity and much more stable 

performance than Ni/Al2O3 prepared by physically mixing of NiO and α-Al2O3 powders. 

Table 7 Catalytic activity of Ni-based catalysts in DRM reaction. Effect of the support. 

Ni 
(wt.%

) 
Support PM

1) 

Reaction conditions Conversion 
H2/CO 

(-) 
Ref. Temp. 

(°C) 
CH4/ 

CO2 

GHSV 
(h

-1
) 

TOS 
(h) 

CH4 
(%) 

CO2 
(%) 

10.3 γ-Al2O3 IMP 800 1/1 nd 6 92 94 0.98 [66] 

ca. 10 
Al2O3 

aerogel 
SG 

700 1/1
2) 

nd 
30 55 62 nd 

[67] 

10 γ-Al2O3 IMP 4-5 66 68 nd 

13 γ-Al2O3 IMP 750 1/2 3000 nd 94 83 0.81 [68] 

5 Al2O3 IMP 700 1/1 nd 24 64 70 nd [72] 

10 MgO IMP 650 1/1 36000 10 63 75 0.85 [73] 

10 MgO CP 700 1/1 14000 5 67 77 0.87 [76] 

nd MgO IMP 
650 

1/1
2) 

nd 12 
23 nd 0.5 

[74] 
800 66 nd 0.9 

10 MgO SG/E 750 1/1 30000 25 54 69 1.12 [77] 

10 MgO IMP 700 2/1 12000 20 45 nd nd [78] 

15 MgO-Al2O3 
SG 

800 1/1
2) 

36000 40 
84 89 nd 

[88] 
CP 84 89 nd 

10 MgO-Al2O3 SCH 700 1/1 24000 53 74 84 1 [91] 

5 MgO-Al2O3 EISA 700 1/1 15000 100 77 79 0.8 [89] 

 

Table 7 Continuation 

Ni 
(wt.%

) 
Support PM

1) 

Reaction conditions Conversion 
H2/CO 

(-) 
Ref. Temp. 

(°C) 
CH4/ 

CO2 

GHSV 
(h

-1
) 

TOS 
(h) 

CH4 
(%) 

CO2 
(%) 

10
3) 

CeO2 IMP 760 1/1
2) 

13400 100 65 80 0.83 [79] 

5 
CeO2 (NR) 

IMP 700 1/1 18000 30 
63 77 0.9 

[80] 
CeO2 (NP) 58 70 0.9 
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5 CeO2 IMP 700 1/1 38400 12 37 68 0.6 [81] 

3 ZrO2 IMP 600 2.2/1
2) 

nd 2 53 15 0.75 [82] 

2 ZrO2 IMP 650 1/1
2) 

nd 2 22 14 1.1 [101] 

10 CeO2-ZrO2 IMP 550 1/1
2) 

20000 5 38 37 1 [92] 

5 CeO2-ZrO2 IMP 700 1/1 30000 24 39 52 0.7 [93] 

10 CeO2-Al2O3 IMP 800 1/1
2) 

90000 25 75 85 0.88 [94] 

10 SiO2 IMP 700 1/1 36000 30 68 69 nd [83] 

4 SiO2 IMP 700 1/1
2) 

nd 65 62 76 nd [57] 

31.5 SiO2 SG 750 1/1
2) 

48000 25 54 66 0.68 [84] 

8 SBA-15 CP 600 1/1
2) 

20000 24 68 89 0.87 [102] 

10 
TiO2 

IMP 750 1/1 nd 10 
33 nd nd 

[87] 
CeO2-TiO2 87 nd nd 

8 
Clinoptilo-

lite 
IMP 700 1/1 nd 6 69 72 0.9 [96] 

5 diatomite TSD 650 1/1 21120 12 31 41 0.76 [97] 

12 
Vermicu-

lite 
IMP 750 2.8/1

4) 
19000 24 96 71 1.1 [98] 

10 
Montmor-

illonite 
IMP 700 1/1

2) 
30000 - 77 75 nd [99] 

10 
CNs 

IMP 750 1/1
2) 

Nd 
8 66 78 0.85 

[100] 
AC - 50 65 0.85 

1)
 PM – Preparation Method: IMP – Impregnation, SG – Sol-Gel, CP – Co-Precipitation, SG/E – one-pot sol-

gel/evaporation, EISA – One-pot evaporation induced self-assembly, SCH –Sonochemistry  method, TSD – 
two-solvent deposition method, MIMP – Melt-impregnation; 
2) 

CH4 and CO2 were diluted by inert gas 
3)

 mol % 
4)

 tests carried out in the presence of oxygen;  

nd-no data 

Kim et al. [67] compared catalytic performance of impregnated Ni/γ-Al2O3 and Ni supported on 

alumina aerogel prepared by sol-gel method. The preparation method influenced morphology and size of metal 

particles distributed on catalyst surface, and the catalyst prepared via the latter method exhibited very high 

specific surface area, high porosity and narrow distribution of nickel particle size. In contrast the former, 

showed larger size of Ni particles distributed irregularly. This affected catalytic performance in DRM reaction. 

Ni supported on alumina aerogel was stable up to 30h TOS and its activity was comparable to the reference 

5wt.%Ru/Al2O3 catalyst. On the other hand, nickel-impregnated catalyst lost its catalytic activity during first 4-

5h TOS, due to the formation of carbon deposits. According to the authors, the minimal size of nickel 

crystallites needed for the formation of whisker-type carbon deposits was 7nm, and thus coking was 

unavoidable for Ni/Al2O3 catalyst prepared by impregnation method. Additionally, due to the weak metal-

support interactions sintering of active phase occurred during DRM reaction for such catalysts. 

A different approach was applied by Baktash et al. [70], who prepared so called ‘inverse catalyst’. 

Aiming at stabilizing the structure and inhibiting sintering of active Ni crystallites, they coated NiO nanopowder 

with a thin layer (around few nm) of porous alumina via atomic layer deposition technique. NiO powder 

covered with alumina layers showed stable CH4 conversion of ca. 80%. at 800°C up to 12h TOS. However, 

catalytic activity decreased with the increase of alumina layer thickness. Additionally, alumina coating 

prevented sintering of active phase and lead to decreased coking with respect to uncoated catalyst.  

Magnesia – MgO  
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Magnesia was another commonly studied support for DRM nickel-based catalysts. The high Lewis 

basicity of MgO has beneficial effect, as CO2 adsorption is enhanced on basic supports, therefore accelerating 

reaction between CO2 and deposited carbon species. Another advantage of MgO as a support in DRM arises 

from the possibility of formation of NiO-MgO solid solution at any molar ratio because of similar anion radii 

(Mg
2+

 0.065nm, Ni
2+

 0.072nm [77]) and lattice parameters. This in turn increases metal-support interactions, 

and thus prevents catalysts deactivation via sintering. 

The effect of nickel loading on (111) magnesia nano-sheets supported catalyst prepared via 

impregnation was studied by Li et al. [73]. The stability and activity was reported to be closely related to Ni 

loadings. The catalytic activity in DRM was increasing with Ni loading up to 10wt.% and then decreased with 

further increase of Ni content to 20wt.%. Stability for the catalyst with loading higher than 50wt.% was poor. 

Similar results were reported by Zanganeh et al. [75,76]. In both studies, the best performance was registered 

for 10wt.%Ni/MgO catalysts, which was attributed to high basicity of the studied materials and the formation 

of small nickel crystallites, due to the strong metal-support interactions. It must be mentioned, however, that 

in both studies the most active catalysts still exhibited the presence of carbon deposits after reaction. The 

catalysts with low nickel loading (2wt.%) showed decrease in CH4 and CO2 conversions which was ascribed to 

sintering of active nickel phase or oxidation of Ni species. At the same time insignificant amount of catalytic 

coke was present on the catalyst surface after reaction. In terms of catalyst stability and activity Jafarbegloo et 

al. [77] also stated that the catalyst loaded with 10wt.% Ni on MgO prepared via one-pot sol-gel/evaporation 

technique exhibited the best performance with respect to catalysts loaded with higher or smaller amount of Ni. 

The studies presented in ref. [73,75–77] showed that CO2 conversion were always higher than CH4 conversions 

in tested temperature range, pointing to the occurrence of RWGS reaction, which decreases H2/CO molar ratio 

in the products, over Ni/MgO catalyst. However, only in studies carried out by Jafarbegloo et al. [77] the excess 

of H2 in the products of the reaction was observed, which clearly indicates that the method of catalyst 

preparation influences the occurrence of side reaction and thus the distribution of the obtained products. 

Alumina-Magnesia 

The beneficial effects of magnesia (enhanced chemisorption of CO2) and alumina (enhanced thermal 

stability, high specific surface area) can be combined in mixed MgO-Al2O3 support. It has been reported that 

the addition of MgO into Ni/Al2O3 catalyst resulted in the increase of basicity [88,89], specific surface area and 

total pore volume [88], due to the formation of MgAl2O4 spinel phase. The catalytic activity of Ni supported on 

mixed magnesia alumina depends on the support preparation method, reaction conditions and pretreatment 

of the catalyst. Min et al. [88] compared the performance of the catalyst synthesized via sol-gel and co-

precipitation methods. Both catalysts showed high conversions of CH4 and CO2 and were stable for to 40h TOS. 

Although, the catalysts did not differ in activity, the characterization of catalyst after reaction proved the 

presence of Ni crystallites of larger size for co-precipitated catalyst than for that prepared via sol-gel method 

clearly pointing to higher deactivation by sintering. Thus, co-precipitated catalyst was less resistant to coke 

formation. The authors examined also the effect of Mg/Al molar ratio. The catalysts with medium 

concentrations of MgO exhibited highest activity. On the other hand, the investigation carried out by Alipour et 

al. [90] and Xu et al. [89] showed that only a small addition of MgO (up to 5 wt.%) to Ni/Al2O3 enhanced its 

stability and activity. 

The formation of Mg(Al)O supported-nickel catalyst may be also realized via thermal decomposition of 

hydrotalcite-like compounds. These types of catalysts were reported to be very active and stable in DRM 

reaction and will be in the separate section of this report. 

Ceria – CeO2 

Ceria is well known for its high oxygen storage capacity associated with electron transformation 

between Ce
3+

 and Ce
4+ 

[79,92]. Therefore, the application of ceria support in DRM reaction may be beneficial, 

due to easier removal of carbon deposits via oxidation by oxygen anions. Moreover, nickel can dissolve in 

fluorite structure of CeO2. The Ni-O-Ce bond is stronger than Ni-O bond in NiO crystal, thus leading to increased 

metal-support interactions of ceria-supported Ni, resulting in the formation of small Ni particles. The solubility 

of nickel in CeO2 is limited to 10-12 mol.% due to the structure limitations, and Ni loadings higher than the 
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solubility limit may result in the loss of its coke-resistance properties, as reported by Yu et al. [79]. The other 

important factor is morphology of ceria support, as different morphologies are characterized by different 

oxygen mobility and intensity of interactions with active metal particles. Du et al. [80] compared the DRM 

performance of ceria nanorods (NR) and nanopolyhedra (NP) structures with that of commercial CeO2 support. 

Both nanomaterials exhibited enhanced catalytic activity and stability in comparison to commercial CeO2. The 

best catalytic performance was shown by Ni/CeO2-NR catalyst, which was attributed to concentration of 

surface Ce
3+ 

 species higher than that for Ni/CeO2-NP catalyst. Ce
3+

 species were associated with the amount of 

oxygen vacancies and influenced the type of Ni species present on the catalyst surface, pointing to the 

importance of oxygen mobility. 

Ceria-Zirconia  

Another tested support for DRM catalysts was ceria-zirconia. The increase in the number of oxygen 

vacancies in ceria may be realized via introduction of ZrO2 into its structure [92].  Zirconia stabilizes ceria by the 

formation of ceria-zirconia solid solution in the whole composition range. Moreover, ceria-zirconia possesses 

higher basicity, improved textural features and thermal stability with respect to CeO2 [93]. However, catalytic 

activity for zirconia supported Ni catalyst [82,101] was lower than that reported for Ni/alumina. The effect of Ni 

loading on Ce0.62Zr0.38O2 was studied by Radlik et al. [92]. The highest conversions of CH4 and CO2 and H2/CO 

molar ratio close to unity were observed for the catalyst with 10 wt.% Ni loading. However, this sample 

exhibited the highest weight loss during TG experiment after reaction, suggesting the lowest resistance to coke 

formation, which was explained by the largest size of Ni particles on the ceria-zirconia surface. Therefore, it 

may be beneficial to use lower Ni loadings than 10 wt.%.  

Kambolis et al. [93] studied ceria-zirconia binary oxides prepared via co-precipitation with different 

zirconia content. Mixed CeO2-ZrO2 exhibited better performance than CeO2 and ZrO2 alone. The catalytic 

activity and resistance to the formation of carbonaceous deposits increased with zirconia content and was the 

highest for the sample with 28 mol % of ceria. As explained by authors, in the presence of Zr
4+

 cations ceria 

lattice undergoes extensive distortion, which results in the increase of both oxygen mobility and anion 

vacancies on the surface of binary oxide. The latter may be the active sites for the dissociative adsorption of 

CO2 molecule and thus with the introduction of ZrO2 into ceria structure, the number of DRM active sites 

increases.  

Silica – SiO2 

Silica is another material used typically in catalysis as a support. Huang et al. [83] studied the effect of 

the preparation conditions of silica support on its catalytic activity in DRM reaction at 700°C. Silica supports 

prepared via sol-gel method exhibited various types of morphologies and texture such as: yielded sphere, shell-

like shape and peanut-like shape. The best activity and resistance to coking was registered for shell-type silica 

structure. This type of silica carrier exhibited the highest dispersion and the lowest size of Ni particles, as Ni 

crystallite size depended primarily on the pore size of silica support. It must be mentioned, however, that 

although the shell-like catalyst showed high conversions of CH4 and CO2 (Table 7), a huge amount of carbon 

deposits was present on the catalyst surface after reaction, as spent catalyst exhibited around 60% weight loss. 

The type of carbon deposits formed on the catalyst surface also depended on silica morphology. Similar results 

were reported by Zhang and Li [84], who studied core-shell type Ni catalyst in DRM reaction. According to their 

studies, the micro- and mesopores present in amorphous silica and formed upon material calcination, served as 

channels through which gas molecules diffused and silica shell structure (narrow pores) suppressed carbon 

filament growth. 

The influence of pre-treatment conditions (reduction and calcination conditions) of Ni impregnated 

silica catalyst was examined by Kroll et al. [57]. Initial activity of catalyst did not depend on the pretreatment 

conditions but, with the increase in TOS the differences in catalysts performance were visible. The samples 

calcined and reduced at high temperatures (700-900°C) exhibited significant loss in catalytic activity, while the 

unpretreated catalyst showed enhanced stability. Based on the obtained results authors proposed that the 

active phase for DRM reaction is not metallic nickel, but nickel-carbide-like layer formed at particle surface 

immediately after contact with the reacting mixture, which explained similar initial activity. The subsequent 
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morphological changes of active phase were depended on the pretreatment procedure and thus influenced 

activity of catalysts and differences between activity of catalysts were observed. 

The catalytic activity of nickel supported on ordered mesoporous silica (SBA-15) prepared via 

impregnation, precipitation and ascorbic acid-assisted precipitation methods was studied by Galvez et al. [102]. 

The application of ascorbic acid as a reducing agent, resulted in the formation of a catalyst where Ni species 

were present in the mesopores of SBA-15, and thus enhanced catalyst activity and stability.  

Titania – TiO2 

Titania was also reported as a good support for DRM reaction [87], due to its ability to suppress carbon 

deposition. TiOx species, which are formed during reduction with H2 can migrate to nickel particles and create 

new active site of Ni-O-Ti
3+

. These new active sites formed at the boundary between active phase and support 

increase metal-support interactions and promote oxidation of the deposited carbon to CO. Ni/TiO2 was 

examined in DRM reaction by Bradford et al. [103] and Ni supported on mixed CeO2-TiO2 systems by Kim et al. 

[87]. The latter catalyst exhibited enhanced performance as compared to Ni/CeO2 and TiO2, due to its redox 

characteristics and higher dispersion of nickel species.  

Natural clays and zeolites 

Zeolites and natural clays which can be considered a 2D zeolite-like relatively cheap materials, were 

also studied. Their properties, such as acid-basic properties and thermal stability, can be tailored to some 

extent by different chemical and physical treatments [99]. Therefore, their application as adsorbents, catalysts 

or catalysts supports has gained much attention in recent years. Clinoptilolite is most abundant naturally 

occurring zeolite. The effect of Ni loading on its catalytic properties has been studied by Nimwattanakul et al. 

[96]. The catalyst with 8 wt.% Ni showed the highest catalytic activity and considerable stability in DRM 

reaction at 700°C. Jabbour et al. [97] reported that Ni supported on diatomite was a promising cheap catalyst 

for DRM reaction. However, the presented results showed that catalyst exhibited slight deactivation during 12h 

tests, and thus authors suggested that application of promoters might increase catalyst stability. The acid 

treated, expanded and raw vermiculites were examined by Liu et al. [98]. The best catalytic performance, 

which authors attributed to its interlayer structure, was registered for expanded vermiculite with 12wt.% Ni. It 

is worth mentioning that the authors carried out catalytic test in the presence of oxygen, and thus the 

enhanced stability of materials may be explained by in-situ removal of carbon deposits via combustion. 

Carbon materials 

Catalytic activity of nickel loaded carbon materials, activated carbon (AC) and carbon nanotubes (CNs), 

in DRM reaction was examined by Ma et al. [100]. Ni/AC catalyst had lower activity than Ni/CNs, which the 

authors explained by the collapse of activated carbon structure during the reaction. From the two studied NCs-

based catalysts, better performance was shown by the sample into which nickel was introduced inside carbon 

nanotubes when compared to the sample with nickel crystallites present on the outside surfaces of carbon 

nanotubes. This was explained by differences in electric density difference between interior and exterior 

surfaces of CNs and the confinement effect of CNs. The introduction of nickel on and into CNs influenced also 

the type of carbon deposits present after reaction. Amorphous carbon and graphitic carbon were found, 

respectively, for the former and the latter catalyst. 

Comparison of the supports 

A direct comparison of the influence of the supports on catalytic performance in DRM reaction is 

rather hard, because as presented e.g. in Table 7 the catalysts were studied under different reaction conditions 

(temperature, mass of catalyst, GHSV, flow, CH4/CO2 molar ratio), were prepared via different methods 

(impregnation, co-precipitation, sol-gel method) and underwent different pretreatment procedures 

(calcination conditions, reduction conditions). All these parameters influence size of metallic nickel particles, 

the interactions of active phase with the support, and thus may have negative or positive effect on catalyst 

activity and resistance to the formation of coke. This is why articles describing tests carried out under the same 

conditions over different supports for Ni-based catalyst in DRM reaction are presented in Table 8. 
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Tomishige et al. [104] studied the effect of preparation methods (impregnation and co-precipitation) 

on the performance of Ni/MgO and Ni/Al2O3 catalysts. The higher activity was registered for the catalyst 

supported on magnesia. The best catalyst turned out to be co-precipitated Ni/MgO, which showed the highest 

conversions of methane and carbon dioxide, and no carbon deposition on the catalyst surface after DRM 

reaction. The resistance to carbon formation followed the same sequence as that for catalytic activity and was 

related to the surface basicity and nickel particle size. 

Kang et al. [105] compared the performance of nickel supported on alumina and mixed magnesia-

alumina. The addition of magnesia to alumina had a beneficial effect on the stability of the catalyst. The 

authors stated that the formation of carbon deposits during DRM reaction caused fluctuations of CH4 and CO2 

conversions. The addition of magnesia increased catalyst stability and no fluctuation in CH4 and CO2 

conversions were observed up to 150h TOS. As reported earlier [88], nickel supported on magnesia or alumina 

alone was very strongly bonded to the support, due to the formation of NiO-MgO solid solution and NiAl2O4 

spinel phase, respectively, which resulted in lower activity of the catalysts. The addition of appropriate amount 

of magnesia resulted in the formation of MgAl2O4 spinel phase, and thus weakened the interaction between 

the support and active phase leading to the increase of activity. At the same time, basicity also increased, 

which improved the resistance to coke formation and thus enhanced catalyst stability. 

Khajeh Talkhoncheh and Haghighi [106] compared catalytic performance of Ni supported on Al2O3, 

CeO2 and clinoptilolite. In the tested temperature range 550-850°C, the best catalytic performance was 

observed for alumina supported catalyst. The authors attributed that to the highest value of specific surface 

area, small crystallite size, and good dispersion and particle size distribution of Ni. Ni/clinoptilolite catalysts 

exhibited slightly higher specific surface area than Ni/CeO2, fine particle size and possessed the benefits of 

natural zeolite-like structure and thus showed performance better than ceria supported catalyst and similar to 

the that of Ni/Al2O3 at 850°C. The other advantage of clinoptilolite was that the cost of mining and treatment of 

this mineral was lower than the cost of the preparation of alumina catalyst. Therefore, the application of 

clinoptilolite catalyst in DRM reaction could be beneficial from economic point of view. Unfortunately, carbon 

formation over the tested catalysts was not discussed.  

Nickel supported on SiO2, TiO2, MgO and activated carbon was investigated by Bradford et al. 

[103,107]. The initial activity of tested catalyst expressed as turnover frequency (TOF), followed the sequence: 

TiO2 > activated carbon > SiO2 > MgO. The catalytic activity of tested materials also followed the ability of the 

catalysts to activate C-H bond cleavage in methane via electron donation to anti-bonding orbitals in methane. 

However, only Ni/MgO catalyst, although the least active, did not show deactivation up to 44h TOS. For Ni/TiO2 

deactivation was attributed to the formation of TiOx species which migrated to nickel crystallites and may have 

caused blockage of DRM active sites. At the same time, the blockage of active sites by carbon deposits and 

sintering of nickel species were found responsible for the loss of catalytic activity for Ni/TiO2, Ni/AC and Ni/SiO2 

catalyst. The authors concluded that the type of support strongly influenced the properties of the catalysts in 

e.g. electron-donating ability, basicity, metal-support interactions, and thus can suppress carbon-forming 

reactions. The carbon formation resistivity over the tested catalysts followed the sequence: Ni/MgO > Ni/TiO2 

>> Ni/SiO2. The low amount of carbon deposits formed on MgO and TiO2 was attributed, among others, to 

strong metal support interactions. The high amount of whisker-type carbon deposits was observed over Ni/SiO2 

catalyst, with no metal-support interactions. Ni/MgO catalyst formed NiO-MgO solid solution, thus stabilizing 

surface Ni-Ni bonds and preventing carbon diffusion into nickel particles, which is believed to be the first stage 

of whisker-type carbon deposits formation. The authors showed that the type of the support influenced the 

stabilization of different CHx intermediates formed via dissociative methane adsorption. The reported values of 

CHx were equal to CH2.7 for Ni/MgO, CH2.4 for Ni/Al2O3, CH1.9 for Ni/TiO2 and CH1 for Ni/SiO2 [108], which follows 

the sequence of the catalyst resistance to coke formation.  

The catalytic activity of Ni supported on alumina and alumina mixed with MgO, ZrO2 and SiO2 prepared 

via plasma method was investigated by Damyanova et al. [109]. The most beneficial in DRM reaction was the 

application of MgAl2O4 support, which exhibited the highest conversions of CH4 and CO2 equal, respectively, to 

75 and 81%, as well as values of H2/CO molar ratio closest to unity. The mixed ZrO2-Al2O3 catalyst showed 

performance similar to that of the alumina-supported catalyst, while the lowest conversions were observed for 
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SiO2-Al2O3 support. However, only Ni/MgAl2O4 catalyst was stable. Catalytic activity followed the same 

sequence as catalyst resistance to coke formation. The best performance of MgAl2O4 catalyst was ascribed to 

the high number of exposed metal sites, as the catalysts exhibited the smallest Ni particles (ca. 5.1nm) and the 

highest dispersion. Additionally, according to the H2-TPR profiles, the applied catalyst reduction conditions 

were most probably insufficient for the complete reduction of NiO to metallic nickel for these catalysts. Thus, 

the coexistence of Ni
2+

 and Ni
0
 species on the catalyst surface might have facilitated the activation of CH4 and 

CO2, and further enhanced the activity and coke resistance. 

Similar observations were reported by Zhang et al. [110], who recently compared catalytic activity of 

Ni supported on MgO, Al2O3, MgO-Al2O3, ZrO2, SiO2 and TiO2 in DRM reaction. The highest conversions and 

stable performance was observed only for Ni supported on a mixed alumina-magnesia catalyst. Ni/SiO2 

catalyst, which exhibited the highest metal dispersion and the highest specific surface area, lost its high initial 

activity due to the sintering of active phase. The lowest conversions were observed for Ni/TiO2 catalyst, while 

other tested samples showed significant decrease in activity with TOS.  

Luengnaruemitchai et al. [95] studied different zeolites (zeolite A, zeolite Y, zeolite X, ZSM-5). The 

tested samples, with the exception of zeolite Y, showed high initial conversions of both methane and CO2, but 

the decrease in catalytic activity with TOS was observed. The highest conversions and stable performance was 

shown by zeolite Y, but at the same time this catalyst exhibited the highest amount of carbon deposits after 

reaction, though they did not affect the catalytic performance. On the contrary, small increase in CH4 and CO2 

conversions with TOS was observed, suggesting that carbon deposits formed in the reaction might be not 

poisonous. However, during the long-term stability tests they may lead to reactor plugging. Interestingly, the 

obtained values of H2/CO molar ratios for the zeolite-supported catalysts were higher than 1. When compared 

to other studies, this clearly indicates that the application of zeolite strongly influences the reaction chemistry, 

as in case of other type of catalysts usually H2/CO molar ratios lower than 1 were observed (Table 7).  

 

Table 8 The effect of support on the catalytic activity of different  Ni-based catalyst. Catalytic tests carried out in a fixed-bed 
reactor and at atmospheric pressure. 

Ni content/ 
preparation

1 Support Reaction conditions 
Activity 

sequence 
Ref. 

3 mol.%/CP and 
IMP 

Al2O3, MgO 

Temp. 850°C, mcat=100mg, 
CH4/CO2=1/1, W/F=1.2gcath/mol; 

Reduction: in H2 at 850°C for 0.5h 

NiO-MgO(CP) > 
Ni/MgO (IMP) > 
NiO-Al2O3 (CP) 

[104] 

10 wt.%/CP-MBSL 
Al2O3,  

MgO-Al2O3 

Temp. 700-800°C, mcat=100mg 

CH4/CO2/He=1/1/1,  

MgO-Al2O3 > 
Al2O3 

[105] 

nd/ IMP 
CeO2, Al2O3, 
clinoptilolite 

Temp. 550-850°C, mvat=100mg, 
CH4/CO2=1/1, GHSV=24dm

3
/gh 

Reduction: in H2/N2=1/9 at 700°C for 
1h 

Al2O3 > 
Clinoptilolite > 

CeO2 
[106] 

ca. 1.3 wt.% for 
TiO2; 8 wt.% for 
SiO2 and AC; 10 
wt.% for MgO 

/IMP, CP
2 

MgO, TiO2, 
SiO2, activated 

carbon 

Temp. 400-550°C,  mcat=5-50mg 

CH4/CO2/He=1/1/1.8, GHSV=10000-
2000 h

-1
 

Reduction: in H2 at 500°C for 1h
3 

TiO2 > activated 
carbon > SiO2 > 

MgO
4 

[103,
107] 

10 wt.%/IMP 
α-Al2O3, γ-

Al2O3, CeO2, 
La2O3, ZrO2 

Temp. 550°C, mcat=100mg, CH4/CO2=1, 
W/F=0.55gcath/mol; 

Reduction: in H2 at 327°C for 2.5h 

 

γ-Al2O3 > α-
Al2O3 > ZrO2 > 
CeO2 > La2O3 

[111] 

4 wt.%/IMP 
δ,θ-Al2O3, 

MgAl2O4, SiO2-
Al2O3, ZrO2-

Temp. 650°C, mcat=50mg, 
CH4/CO2/N2=1/1/3,  

Reduction: in H2/N2 at 550°C for 1h 

MgAl2O4> ZrO2-
Al2O3 ≈ δ,θ-

Al2O3 >> SiO2-

[109] 
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Al2O3 

 

 Al2O3 

8 wt.%/IMP 

SiO2, MgO, 
TiO2, ZrO2, 
Al2O3, MgO 
Al2O3-MgO 

 

Temp. 750°C, mcat=100mg, 

CH4/CO2=1/1,  

Reduction: in H2/N2 at 700°C for 1h 

Al2O3-MgO > 
MgO > SiO2 > 

Al2O3 > ZrO2 >> 
TiO2 

[110] 

7 wt.%/IMP 

zeolite A,  

zeolite X, 
zeolite Y, ZSM-

5 

 

Temp. 700°C, mcat=200mg 

CH4/CO2=1/1, GHSV=30000 

Reduction: in H2 at 600°C for 1h 

Zeolite Y ≈ ZSM-
5 > zeolite X >> 

zeolite A 
[95] 

2 wt.%/IMP 
α-Al2O3, ZrO2,  

α-Al2O3-ZrO2 

Temp. 600°C, mcat=25mg 

CH4/CO2/N2=1/1/6 

Reduction: in H2 from 25 to 1000°C 

α-Al2O3-ZrO2 > 
α-Al2O3 > ZrO2 

[101] 

1
 Methods of preparation: IMP – incipient wetness impregnation; CP – co-precipitation; CP-MBSL – co-

precipitation under multi-bubble sonoliminescene conditions 
2
 co-precipitation method was used only for Ni/MgO catalyst 

3
 Ni/MgO catalyst reduced at 850°C for 0.5h 

4
 Ni/MgO catalyst was tested at higher temperature than other catalysts 

In general, all authors stated that the type of applied support has a significant influence on the state of 

nickel species on the catalyst surface. The strong interactions between support and active phase may result in 

the formation of inactive phases in DRM reaction, such as NiAl2O4 or MgO-NiO solid solution. On the other 

hand, too weak interactions between nickel species and their carrier promoted deactivation via sintering and 

formation of carbon deposits. From, discussed articles it may be concluded that the most beneficial effect on 

the catalyst activity is connected to mixed Al2O3-MgO support, which shows interactions between Ni phase and 

support of moderate strength and is characterized by high basicity. 

4.2.2 The role of promoters  

Suitable promoters are added to the catalyst in order to enhance its stability, selectivity and/or 

catalytic activity. The influence of a promoter on catalyst stability and activity may be explained by their ability 

to modify catalyst structure (type of active sites, additional sites). In DRM reaction, the application of different 

types of promoters is usually aimed at increasing catalyst stability rather than its activity. In general, the 

promoters in DRM reaction may be divided into three groups: (I) alkali or alkaline earth metals, such as K, Li, 

Mg, Ca, Ba, (ii) rare earth metals, such as Ce, Zr, La and (III) other metals, such as Au, Ag, Sn, Bi, As, Pb and Cu.  

Alkali or alkaline earth metals are applied because of their basic properties, which enhance catalyst 

affinity towards CO2, and thus can help to oxidize carbon deposits. Moreover, they can form solid solution with 

NiO, increasing in this way the interactions between the support and active phase, and thus resulting in the 

formation of small nickel crystallites upon reduction with H2, as well as suppresses coking. Rare earth metal 

oxides (e.g. CeO2 or ZrO2) on the other hand, exhibit redox properties, and thus also promote oxidation of 

carbon deposits. Other metals can be also added to the catalyst and their role is to either modify existing active 

sites or to create new active sites, and form in this way a bimetallic catalyst. The role of promoter can differ 

depending on the amount applied, type of support and method of a promoter introduction. Large amounts of 

promoters usually decrease catalytic activity due to the coverage of active sites [72]. Tables 9 and 10 present 

short review of different promoters applied in DRM reaction over Ni-based catalysts. 

Table 9 The effect of  alkali and rare earth metal promoters on Ni-based catalysts in dry methane reforming. 

Promoter 
Loading 
(wt.%) 

Support 

 

Ni 
(wt.%) 

Effect of promoter addition Ref. 
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ALKALI METALS 

K 1, 5, 10 γ-Al2O3 20 
Divides Ni surface into smaller ensembles; 

supress carbon deposition; 
[144] 

K 0.2-5 γ-Al2O3 10 
Partially blocks Ni active sites, Promotes coke 

gasification; Decreases activity 
[145] 

K 0.125
1 

MgO nd 
Supress dissolution of carbon atoms in Ni 
crystallites; Decreases activity; Increases 

stability; 

[89] 

K, Li 0.5 CeO2 10 
Improves stability, decreases activity and H2/CO 

molar ratio; K can block Ni active sites; K 
catalyses C gasification 

[140] 

Mg 3 γ-Al2O3 
5, 10, 
15, 20 

Increases basicity of support; increases stability 
of the catalysts 

[105] 

Mg 

2.5, 5 Al2O3 15 

Increased Ni dispersion; Decreased activity 
towards CH4 

[146] 

Ca 
Increased Ni dispersion; Increased activity; 

Improved stability 

Ca 10
2 

γ-Al2O3 17 Increases activity and stability [147] 

Ba nd Al2O3 10 
Improves reducibility of Ni; Inhibits formation 

of NiAl2O4 spinel 
[148] 

      

      

Table 9 Continuation 

Promoter 
Loading 
(wt.%) 

Support 

 

Ni 
(wt.%) 

Effect of promoter addition Ref. 

RARE EARTH METALS 

Ce 7 MgO 10 
Improves Ni dispersion, Improves stability, 

increases activity 
[93] 

Ce 1, 5, 10 Al2O3 5 
Increases activity towards CH4, Improves 

stability 
[87] 

Ce 3 Al2O3 11.5 
Improved dispersion of Ni particles; Decreased 

activity; 
[149] 

Ce 3, 5, 10 
montmor
molonite 

10 Increases activity and stability 
[114] 

Ce 6 SBA-15 5 Improved catalyst activity [150] 

CeO2-ZrO2 10 SBA-15 10 
Improves stability, decreases activity towards 

CO2 
[100, 
151] 

Zr 
1, 2, 3, 4, 

5, 6 
clinoptiol

ite 
8 Improves stability 

[111] 

Zr 1 α-Al2O3 2 
Promotes gasification of carbon deposits; 

Improves stability 
[152] 

Zr 5 SiO2 10 
Enhanced reducibility; Improved catalytic 

activity; 
[153] 

La 0.25-15 SiO2 10 
Increased dispersion of Ni; Improved 

interactions between Ni and SiO2; Improved 
stability and activity 

[154] 

1 
Kat/Niat=0.125;  
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2 
mol %  

nd – no data 

Osaki et al. [112] studied the effect of potassium addition into Ni/Al2O3 catalyst. The studies revealed 

that K
+
, due to its basic character, enhances adsorption of CO2. However, the rate of CO2 dissociation into CO 

and oxygen was not affected, suggesting that the increased stability of the catalyst was not caused by oxidation 

of carbon deposits through enhanced CO2 adsorption. The obtained results showed that potassium was present 

on the nickel crystallites and divided them into smaller ensembles, thus nickel crystallites were too small to 

catalyze carbon-forming reactions. The coverage of nickel crystallites by potassium resulted also in decreased 

activity due to the blockage of active sites. Similar conclusions were drawn by Juan-Juan et al. [113] and 

Frusteri et al. [74], who investigated K-promoted Ni/MgO catalyst. Their studies showed that K addition 

resulted in electronic enrichment on the active sites and led to stronger interactions between Ni atoms and 

electron-acceptor oxygen intermediates adsorbed on the catalyst surface. This prevented dissolution of C 

atoms and as a consequence their nucleation and formation of carbon deposits. The addition of potassium 

decreased catalytic activity but largely improved catalyst stability. Such effect was also observed for both K and 

Li promoted Ni/CeO2 catalyst [111].  

Magnesia was tested as a promoter for nickel supported on alumina by several authors [90,114–116]. 

Generally, small additions of magnesium had double promotion effect. Firstly, it modified Ni-particles 

arrangement, due to the formation of MgAl2O4 spinel phase and the suppressed formation of inactive NiAl2O4. 

This can be ascribed to the fact that basic MgO is preferably reacting with acidic Al2O3, thereby inhibiting the 

reaction between NiO and alumina. Secondly, magnesia inhibited agglomeration of coke deposits by an 

effective CO2 gasification. Both effects resulted in increased catalyst stability. However, the initial activity of 

catalyst was reported to be lower than for the unpromoted catalyst.  

Sengupta et al. [114] compared Ni/Al2O3 catalyst promoted with Mg and Ca. The addition of Ca was 

more beneficial than Mg promotion, as the catalytic activity towards CO2 and CH4 and catalyst stability were 

improved for Ca-promoted material with respect to Mg-promoted and unpromoted catalysts. Catalysts 

characterization revealed that the Ca addition resulted in the formation of new active sites able to adsorb H2 

and CO2. At the same time Mg had negative effect on CO2 and CH4 conversion. The beneficial effect of Ca 

addition into Ni/Al2O3 catalyst were also observed by Zhang et al. [117]. 

The application of Ba as a promoter to Ni/Al2O3 was investigated by Garcia-Dieguez et al. [118]. A small 

addition of barium did not influence catalyst activity or stability. However, it inhibited the formation of NiAl2O4 

spinel phase, and thus improved reducibility of nickel species. 

CeO2 is one of the commonly used promoters in DRM reaction. Wang et al. [72] tested Ni/Al2O3 

catalyst promoted with 1 to 10 wt.% Ce. The addition of Ce improved catalyst stability regardless of Ce content 

with respect to unpromoted catalyst, as with increasing content of Ce Ni dispersion increased as well. Similar 

observation was made by Yan et al. [115]. Moreover, the addition of CeO2 prevented the formation of inactive 

NiAl2O4 phase and enhanced reducibility of the catalyst. The results of TG experiments after reaction revealed 

that the catalyst resistance to coking was increasing with the increasing content of ceria. Nevertheless, the 

authors stated that the optimal content of Ce addition should be between 2-5%, as some blockage of active 

sites could occur. Similar results were reported for Ni/MgO catalyst [78].  

Studies carried out by Kaydouh et al. [119] showed the importance of the preparation method on the 

catalyst activity. The effect of order of Ni and Ce introduction into SBA-15 by impregnation method was 

investigated. When Ce was impregnated prior to Ni, the catalyst showed much better performance than in case 

when nickel was deposited first. The increased activity of the catalyst prepared by the former procedure was 

ascribed to the formation of smaller Ni crystallites. 

Zirconia addition onto various Ni supported catalyst has been studied [96,120,121]. In general, it has 

been reported that zirconia addition enhances reducibility of nickel species, leading to higher activity of the 

catalyst [96,120,122]. Promotion by Zr had also a positive effect on catalyst stability for nickel supported on 

alumina and clinoptolite catalysts. On the other hand, Yao et al. [122] observed monotonic decrease in catalyst 
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activity over Zr-promoted Ni/SiO2 catalyst, which was caused by deposition of carbon deposits. The 

deactivation of catalyst was more evident at lower temperatures. 

Albarazi et al. [85,123] promoted Ni/SBA-15 catalyst with ceria-zirconia, which was well dispersed 

inside pores of the support, creating in this way a micro-mesoporous catalytic system with a beneficial effect 

on DRM reaction. The promoted catalyst exhibited higher activity towards CH4, and its stability was also 

enhanced. However, the activity towards CO2 was slightly lower than for the unpromoted catalyst.  

Zhu et al. [124] studied addition of La, Mg, Zn and Co into Ni/SiO2 catalyst. The best performance was 

observed for 5wt.% La promoted catalyst, which exhibited excellent stability in DRM reaction within 30h. 

Similar stability was shown by Zn promoted catalyst. The high activity and stability for the former were 

attributed to high dispersion of small nickel crystallites on the support surface. Mg and Co addition did not 

improve catalyst stability significantly. The authors also observed that Mg and La addition decreased the 

contribution of RWGS reaction, increasing H2/CO molar ratio. 

Ay and Uner [58] investigated Ni, Co and Ni-Co ceria supported catalysts in DRM. Their results showed 

no beneficial influence of Co incorporation into Ni/CeO2 in terms of CH4 and CO2 conversions. Both Ni/CeO2 and 

Ni-Co/CeO2 catalysts showed very similar activity. The loss in CH4 and CO2 conversions was observed at the 

beginning of the reaction. It was attributed to the deactivation of catalysts by carbon-forming reactions. 

However, the addition of Co into Ni/CeO2 resulted in formation of less stable carbon deposits (lower 

temperature of oxidation of carbon deposits). It should be added that Co/CeO2 sample exhibited very low 

activity compared to Ni and Ni-Co containing catalysts. The authors explained it by general lower activity of Co 

towards DRM and strong interactions of Co with the support. A thin layer of ceria over active metal crystallites 

was observed on TEM images, pointing to the blockage of active centres of DRM reaction for both active 

catalysts. On the other hand, increased catalytic activity in DRM was observed by Luisetto et al. [125] for Ni-Co 

bimetallic catalyst. Their research showed that Co-Ni alloy was formed on the catalyst surface. It modified 

catalytic properties of the material, and thus increased activity, selectivity and stability. Beneficial effect on 

catalytic activity of Co-Ni bimetallic catalyst supported on ZSM-5 zeolite was observed also by Estephane et al. 

[126]. The bimetallic catalyst showed higher activity and was more stable than monometallic nickel catalyst. It 

was attributed to a synergetic effect of cobalt on nickel species, and Co played a role of oxidation catalyst for 

the removal of catalytic coke. 

Table 10 The effect of introduction of a second metal to Ni-based catalyst in DRM reaction. 

Promoter 
Loading 
(wt.%) 

Support 

 

Ni 
(wt.%) 

Effect of promoter addition Ref. 

Co 4 CeO2 8 
Improved stability by formation of easily 

oxidized carbon deposits 
[58] 

Co 3.75 CeO2 3.75 
Increased activity and selectivity; Inhibits 

formation of carbon 
[125] 

Co 3.5 ZSM-5 3.5 
Improved activity and selectivity; Inhibited 

formation of carbon 
[126] 

Cu 1 SiO2 8 
Increased catalytic activity and stability. 

Stabilized Ni active sites; Inhibited deactivation 
by CH4 decomposition; 

[127] 

Fe 2 
CeO2-
ZrO2 

3 Increased activity; Catalyst quickly deactivated 
[128] 

Ag 
0.3, 0.6, 

2.4* 
CeO2 10* 

Lowered activity of Ni surfaces; promotes 
RWGS; Accelerated combustion of coke 

deposits 

[79] 

Pt 0.3 MgO 5 
Improved catalytic activity, selectivity and 

stability 
[129] 

Pt 0.4 Al2O3 10 Increased activity [130] 
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Pt 1 Al2O3 6 
Improved activity and selectivity; Inhibited 
formation of carbon whisker-like deposits 

[131] 

Rh 0.5 
CeO2-
ZrO2 

4.5 Increased activity and stability; 
[128] 

*mol % 

Nd – no data 

Chen et al. [127] reported that the addition of Cu into Ni/SiO2 catalyst significantly increased its 

stability. The copper addition stabilized the structure of active nickel sites on the catalyst surface, thus 

preventing the loss of catalytic activity by sintering of nickel species. Moreover, Cu inhibited deactivation 

arising from CH4 decomposition reaction. Cu-Ni species which were formed on the catalyst surface, suppressed 

the formation of inactive carbon deposits during DRM reaction. 

Yu et al. [79] studied the promotion of Ni/CeO2 catalyst with Ag. This addition decreased the activity of 

the catalyst due to the partial blockage of Ni active sites, but significantly increased stability within 100h 

catalytic tests. The characterization of the catalyst showed that Ag species were present on the step sites on Ni 

surface and a part of Ag species was bonded with ceria support. The promotion with Ag also changed the type 

of catalytic coke from graphitic or whisker carbon to amorphous carbonaceous deposits, which may play an 

active role in DRM reaction and are easier to oxidize than graphitic carbon.  

Small additions of Pt were reported to have a very beneficial effect on the performance of Ni-based 

catalyst in DRM reaction [129–131]. Ni-Pt catalysts supported on MgO or Al2O3 exhibited improved catalytic 

performance, higher selectivity towards H2/CO molar ratio and minimal deposition of carbon deposits. Gould et 

al. [131] observed that no whiskers-type of carbon deposits were formed for the Pt-Ni catalyst supported on 

Al2O3 which was prepared by atomic layer deposition method. The enhanced catalytic performance of 

bimetallic catalyst was attributed to the fact that Ni-Pt surfaces formed Ni-terminated surfaces which were 

associated with higher DRM rates than Pt-terminated surfaces. Presence of Pt on the edges of Ni crystallites 

inhibited carbon diffusion and thus resulted in higher resistance for coking. 

Koubaissy et al. [128] reported that Rh addition into Ni/CeO2-ZrO2 catalyst enhanced its stability and 

catalytic activity. However, carbon deposits were still present on the catalyst surface after DRM catalytic test. 

Thermogravimetric experiments revealed that the addition of Rh had influenced the type of carbon deposits 

formed during DRM reaction and resulted in the formation of amorphous active carbon, which did not 

decrease conversions of CH4 and CO2. 

Effects of the different promoters on the similar nickel supported catalysts were tested by several 

authors in order to find out the best promoter [132–134]. Choi et al. [132] investigated the effect of 2wt.% Co, 

Cu, Zr, Mn, Mo, Ti, Ag or Sn on catalytic activity of nickel supported on commercial ICI 46-1 material composed 

of 13wt.% CaO, 6.5% K2O, 12% MgO and Al2O3. The carrier contained high amounts of alkali oxides, and thus 

exhibited high basicity. The catalytic activity of the tested materials followed the sequence for promoters: Co, 

Cu, Zr > unpromoted catalyst > Mn > Ti > Mo > Ag > Sn. Although the catalysts promoted by Co, Cu and Zr 

exhibited higher activity, high amounts of carbon were formed during the DRM reaction. On the other hand, 

the addition of Mn, Mo and Ag resulted in good resistance to coking. It must be mentioned, however, that only 

in case of the Mn-promoted sample registered conversions of CH4 and CO2 were similar to those for 

unpromoted catalyst. This is why the authors stated that the best promotion effect was obtained for 

manganese.  

Castro Luna et al. [133] studied Ni/Al2O3 catalysts promoted by 0.5wt.% of K, Ca, Mn or Sn. The DRM 

tests carried out at 750°C for 30h showed that the addition of promoters decreased catalytic activity with 

respect to the unpromoted sample. Moreover, only for the catalysts doped with K or Ca stable values of CH4 

and CO2 conversions were registered, suggesting that samples did not exhibit deactivation. The performance of 

the tested catalysts followed the sequence: unpromoted catalyst > K > Ca > Sn > Mn.  

The effect of Co, Ca, K, Ba, La, Mn or Ce promotion of Ni/MgO-ZrO2 catalyst was studied by Fan et al. 

[134]. The activity of the prepared materials tested in DRM reaction at 750°C decreased in the order Ni-Co > Ni-
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La ≈ Ni-Ce > Ni-Ba > Ni-Mn > Ni-K > Ni-Ca. The best performance of Ni-Co catalyst was attributed to the Ni-Co 

solid solution which reduced coke formation and improved catalytic conversion. Ni-La and Ni-Ce catalysts 

showed similar performance. The activity of Ni-Ba and Ni-Mn catalyst dropped within 40h TOS. On the other 

hand, a fairly stable performance was shown by Ni-K and Ni-Ca catalysts. The activity sequence followed that of 

metal dispersion. Carbon deposits were present on all catalysts after 40h catalytic tests and the highest amount 

was registered for Ni-Mn catalyst.  

4.2.3 Conclusions 

The presented review of nickel based catalysts showed that the catalytic performance of materials in 

DRM reaction is dependent on a number of factors. It is rather hard to establish the best support and 

promoter, as reported materials were tested under different conditions, with different loadings of metals and 

were prepared by different methods. Nevertheless, general trends in catalysts for DRM process can be 

established.  

Researchers are focusing on preparing materials with high dispersion and small size nickel particles, 

which can be achieved by increasing interactions between nickel species and support. On the other hand, too 

strong interactions can significantly decrease reducibility of nickel species, and thus have negative effect on 

activity. Moderate interactions between Ni and support with high dispersion of stable nickel species were 

reported for MgO-Al2O3 support (Table 7, 8). 

The addition of promoters can drastically change catalytic properties of a material. The positive effect 

of basic oxides and materials with high oxygen storage capacity is stressed in literature. Another concept is to 

introduce a second metal into catalytic systems, in order to create synergetic effect between Ni and other 

metal species, and inhibit in this way coking, as well as increase material activity. However, the effect of 

promotor addition is dependent on the used support, preparation method and promoter loading (Table 9, 10). 
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4.3 Hydrotalcites 

Hydrotalcite is a naturally occurring layered mineral, discovered in Sweden in 1842, of chemical 

formula: Mg6Al2(OH)16CO3·4H2O [135]. The name hydrotalcite comes from its resemblance with talc 

(Mg3Si4O10(OH)2), and from the high water content of this mineral. Similarly as talc, hydrotalcite mineral can be 

easily crashed into a white powder. Hydrotalcite occurs in nature in foliated and contorted plates and/or 

fibrous masses [135]. From a crystallographic point of view this mixed magnesium and aluminium 

hydroxycarbonate possesses the trigonal structure of brucite, i.e. magnesium hydroxide Mg(OH)2. Hydrotalcite 

layers are built of octahedral units in which divalent or trivalent cation is placed in the centre of an octahedron 

and six OH
-
 groups are placed in the corners of the octahedron (Fig. 7). Similarly as in brucite, octahedral units 

are linked by edges, forming in these way parallel layers. Depending on the arrangement of the layers, 

hydrotalcite structure may have rhombohedral or hexagonal symmetry, in which the unit cell is build up from 

three and two hydrotalcite layers, respectively. For both naturally occurring and synthetic hydrotalcites, the 

rhombohedral symmetry is generally more common [135–138]. 

In the hydrotalcite brucite-like layers, a part of the divalent magnesium cations has been 

isomorphously replaced by trivalent aluminium cations. Such substitution is possible due to the similar ionic 

radii of Mg
2+

 and Al
3+

. Thanks to this substitution, the brucite-like layers of hydrotalcite are positively charged. 

This charge is compensated by carbonate anions present in the interlayer spaces. Water molecules complete 

the voids in the spaces between the hydrotalcite layers [135–138]. A schematic representation of hydrotalcite 

structure is presented in Fig. 8. 

 

Fig. 7 The octahedral unit of brucite-like layers 
in an hydrotalcite structure. 

 

Fig. 8 Schematic representation of the hydrotalcite structure 

Upon the discovery of hydrotalcites, similar mixed hydroxycarbonate of magnesium and iron were 

identified. Shortly, a large number of minerals with different compositions but the same hydrotalcite-like 

structure were developed. Currently, the name hydrotalcite (hydrotalcite-like compounds - HTs, layered double 

hydroxides – LDHs) is used to describe a large group of naturally occurring minerals and synthetic materials, 

which possess the typical layered structure of hydrotalcite. The general formula of such compounds can be 

represented as [136]:  

[M
2+

1-xM
3+

x(OH)2][(A
n-

x/n)·mH2O]       

where M
2+

, M
3+

 - di- and tri-valent cations, A – interlayer anions, x – mole fraction of trivalent cations, the part 

[M
2+

1-xM
3+

x(OH)]2 describes the composition of brucite-like layers and the part  

[(A
n-

x/n)·mH2O] describes composition of interlayer spaces. 

4.4 Hydrotalcites as DRM catalysts 

As reported in literature and briefly summarized within the previous section of this raport, mixed 

MgO-Al2O3 materials are promising supports for the preparation of Ni-containing catalysts for DRM. They 

gather all the advantages of the separated materials guaranteeing however a controlled interaction between 
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the Ni-phase and its carrier, thus preventing sintering of active material through avoiding the formation of 

inactive phases, i.e. NiAl2O4 or NiO-MgO solid solution. Moreover, Ni can be incorporated by different means, 

i.e. by means of ion exchange in the brucite-like structure through co-precipitation or simply by impregnation. 

Additionally, through anion exchange or reconstruction it is possible to introduce various promoters into 

catalytic system. The method of hydrotalcite synthesis and its composition have a significant effect on the 

properties of the obtained material. There is a number of various synthesis routes described in literature, 

which lead to hydrotalcite-like materials. The most widely used are co-precipitation, urea, sol-gel or salt-oxide 

methods. The obtained materials can be further modified by anion exchange and reconstruction, microwave or 

hydrothermal treatments. The specification of desired hydrotalcite determines the selection of appropriate 

synthesis route. There are three main routes leading to supported metal catalysts derived from hydrotalcites, 

shown schematically in Fig. 9. The first one involves synthesis of hydrotalcite precursor with desired metal 

cations present in brucite-like layers. In the second route, initial hydrotalcite undergoes ion exchange with 

anionic metal precursor containing desired metal. Third route involves the deposition of inorganic or 

organometallic precursors of metals on the calcined hydrotalcite material and the subsequent reconstruction 

of hydrotalcite structure. All preparation routes in the final stage involve the calcination and/or reduction 

resulting in the final supported metal catalyst. 

 

 

Fig. 9 A simplified representation of main routes leading to obtaining supported metal catalysts from hydrotalcite 
precursors 

The methane and CO2 conversions reported for several Ni-based catalytic systems, including 

hydrotalcite-derived materials are presented in Fig. 10. Note that the direct comparison of catalytic activity is 

not straightforward, since the values of methane and CO2 conversions may depend on the specific reaction 

conditions used in the DRM experiments, and of course on Ni-content and on the preparation procedure of 

each catalyst. However, it is yet possible to conclude from Fig. 9 that the hydrotalcite-derived catalysts are 

generally placed among the catalytic systems yielding the highest methane and CO2 conversions of CH4 in a 

wide range of reaction temperatures. 
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Fig. 10 Catalytic activity of nickel-based catalysts in dry reforming of methane: (A) CH4 conversions and (B) CO2 

conversions, as a function of temperature;  

Green symbols – catalysts Ni/support: Ni/Al2O3-1 [66], Ni/Al2O3-2 [67], Ni/MgO-1 [73], Ni/MgO-2 [77], Ni/MgO-Al2O3 [88], 

Ni/CeO2 [81], Ni/ZrO2 [101], Ni/CeO2-ZrO2 [92], Ni/SiO2 [57], Ni/SBA-15 [102], Ni/clinoptilolite [96], Ni/AC [100];  

Blue symbols – hydrotalcite-derived catalysts: NiMgAl-HT1 [139], NiMgAl-HT2 [140], NiMgAl-HT3 [141]; NiMgAl-HT4 [142]; 

NiMgAl-HT5 [143], NiMgAl-HT6 [144], NiMgAl-HT7 [145], NiMgAl-HT8 [146], NiAl-HT [147]; 

Moreover, these hydrotalcite-derived catalysts allow acceptable conversions at low reaction 

temperatures, i.e. at 500°C. Nickel-containing hydrotalcite-derived catalysts stand therefore as promising 

catalysts for DRM. This is a consequence of the particular physicochemical features of these materials, such as 

abundant but moderate strength basicity and controlled Ni-crystal size, which will be discussed in detail further 

in this review. This is the reason why the research on these type of materials is important, with an increasing 

amount of contributions being published each year in the last decades, and may contribute to the 

commercialization of the DRM process. 
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4.4.1 Ni/Mg/Al and Ni/Al hydrotalcite derived catalysts 

The substitution of a part or all of Mg
2+

 cations by Ni
2+

 in the Mg,Al-CO3 hydrotalcite structure results 

already in a catalytic system that, upon calcination, can be used in dry reforming. Table 11 contains a summary 

of the different DRM catalysts prepared from Ni/Mg/Al and Ni/Al hydrotalcites. 

The work of Bhattacharyya et al. [148] contains most probably the earliest report on hydrotalcite-

derived Ni/Al and Ni/Mg/Al mixed oxides for combined dry/steam reforming. They furthermore compared the 

catalytic activity of these hydrotacite-derived materials to commercial NiO supported catalysts, proving that 

the use of both Ni/Al and Ni/Mg/Al catalysts resulted in very similar yields and conversions that those obtained 

in the presence of the commercial catalyst. Moreover the hydrotalcite-derived catalysts turned out to be more 

active under more severe reaction conditions (higher GHSV, and lower H2O/CH4 feed gas composition) and 

more resistant to coke formation. No further characterization data were nevertheless provided. Several 

researchers therefore continued the research on these promising materials. Basile et al. [149] prepared 

Ni/Mg/Al hydrotalcite-derived catalysts having Ni/Mg molar ratios around 1/6. These materials were tested in 

DRM at very low contact times. They showed very higher activity towards CO2 and the formation of excess CO 

in the products of reaction, pointing to the simultaneous occurrence of reverse water gas shift reaction. These 

results are in good agreement with those presented by other authors [144,150,151] testing HTs-derived 

materials with low nickel content. On the contrary, the materials with high content of Ni in brucite-like layers 

were reported to promoted CH4 decomposition [140,152,153]. Therefore, the catalytic properties of 

hydrotalcite-derived materials (activity, stability, promotion of side reactions) are dependent on materials 

composition i.e. nickel content, Ni/Mg and Mg/Al molar ratio and will be discussed in the next subchapter. The 

temperature and duration of the calcination process has been as well considered, as reflected in Table 1. The 

temperature, duration and gas composition chosen for the reduction pre-treatment of the catalysts prior to 

DRM reaction is another important parameter strongly determining their activity. Once the periclase structure 

is formed, high reduction temperatures are generally needed, i.e. higher than 850°C, in order to reduce the Ni 

present in hydrotalcite-derived materials. However, no detailed information can be found regarding the 

influence of reduction conditions. The size of Ni crystals may vary as a consequence of their sintering at high 

temperatures. Further research is maybe needed in order to assess this important point. 

4.4.2 Effect of Mg/Al, Ni/Mg and Ni/Al molar ratios 

The influence of Mg/Al molar ratio in Ni/Mg/Al hydrotalcites was first examined by Zhu et al. [139]. 

These authors considered the variation of the Mg/Al molar ratio from 1/5 to 5. The results of catalytic tests 

showed that the performance of hydrotalcite-derived materials was dependent on the Mg/Al molar ratio, i.e. 

their activity increased with increasing Mg/Al ratios, pointing to a strong influence of the presence of MgO. 

Moreover, the catalyst containing the highest magnesium amount exhibited also the highest resistance to coke 

formation. However, it is important to remark that high Mg/Al ratios also resulted in the formation of a 

segregated Mg5(CO3)4(OH)2·3H2O phase and that thus the catalytic activity of the catalyst prepared using the 

highest Mg/Al ratio may have been affected by the presence of isolated MgO. 
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Table 11 The summary of Ni/Mg/Al and Ni/Al hydrotalcite-based catalytic systems tested in dry reforming of methane 

Type of catalyst 
Method of 

hydrotalcite 
synthesis 

Cations in 
HTs layers 

Ni/Mg or 
Ni 

loading
1) 

M
2+

/ 
M

3+ 
Calcination 
conditions 

Reaction conditions Conversion
2)

 
H2/CO 

(-) 

Ref. 

Temp. 
(°C) 

CH4/ 
CO2 

GHSV 
(h

-1
) 

TOS  
(h) 

CH4  
(%) 

CO2  
(%) 

NiMgAl HTs 
Co-precipitation 
at constant pH 

Ni
2+

, Mg
2+

, 
Al

3+ 1, 0.2 2, 3 nd 815 1.25 720 250 70 52 1.0 
[148] 

NiMgAl HT 
Co-precipitation 
at constant pH 

Ni
2+

, Mg
2+

, 
Al

3+
 

1/6 2.45 
700, 900°C 

for 14h 
750 1/1 nd nd 29 50 nd 

[149] 

NiAl HT 
Co-precipitation 
at constant pH 

Ni
2+

, Al
3+

 63
1) 

4 
550°C for 4h 

in air 
550 2/1

3) 
20000 4 48 54 2.6 

[152] 

NiMgAl HT 
Co-precipitation 
at constant pH 

Ni
2+

, Mg
2+

, 
Al

3+
 

2.94 2 
350, 600, 

800, 1000°C 
900 

32/ 
40

3) nd 10 74 nd nd 
[153,
154] 

NiAl  and 
NiMgAl HTs 

Co-precipitation 
at constant pH 

Ni
2+

, Al
3+

 - 2 800°C for 6h 
in air 

750 1/1
3)

 3·10
5
 8 68 90 0.7 [151] 

NiMgAl HTs 
Co-precipitation 
at constant pH 

Ni
2+

, Mg
2+

, 
Al

3+
 

1/5, 1/3, 1 
6, 4, 2, 

2/3, 
2/5 

500°C for 
10h in air 

800 1/1 80000 30 82 88 nd 
[139] 

NiAl HTs Co-precipitation 
at constant pH 

Ni
2+

, Al
3+ 

- 2, 3, 5, 
8, 10 

300, 400, 
500, 600, 

700, 800°C 
for 6h 

700 1/1
3) 

nd 10 88 88 1.0 [147] 

NiAl HT Co-precipitation 
at constant pH 

Ni
2+

, Al
3+

 44
1) 

2 450°C for 4h 700 1/1
3) 

nd 30 94 94 0.9 [155] 

NiMgAl HTs 
Co-precipitation 
at constant pH 

Ni
2+

, Mg
2+

, 
Al

3+
 

3, 6, 9, 12, 
15, 18

1) 3 800°C for 5h 600 1/1
3) 

60000 25 41 50 0.7 
[144] 
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Table 11 Continuation 

Type of catalyst 
Method of 

hydrotalcite 
synthesis 

Cations in 
HTs layers 

Ni/Mg or 
Ni 

loading
1) 

M
2+

/ 
M

3+ 
Calcination 
conditions 

Reaction conditions Conversion
2)

 
H2/CO 

(-) 

Ref. 

Temp. 
(°C) 

CH4/ 
CO2 

GHSV 
(h

-1
) 

TOS  
(h) 

CH4  
(%) 

CO2  
(%) 

NiMgAl HTs 
Co-precipitation 
at constant pH 

Ni
2+

, Mg
2+

, 
Al

3+
 

0.5, 1, 2, 5 
0.4, 

0.9, 2 

400, 600, 
800°C for 6h 

in air 
650 1/2

3) 45000 
4) nd 83 38 1.2 

[140] 

NiMgAl HTs 
Co-precipitation 
at constant pH 

Ni
2+

, Mg
2+

, 
Al

3+
 

1, 5, 25, 
50

4) 2 
600°C for 3h 

in air 
900 

32/ 
40

3) nd 10 67 nd 0.8 
[156] 

NiMgAl and NiAl 
HTs 

Co-precipitation 
at constant pH 

Ni
2+

, Mg
2+

, 
Al

3+
 

3, 1, 0.33, 
0.18, 0.06 

3 
550°C for 4h 

in air 
550 1/1

3) 
20000 24 43 40 1.1 

[150] 

1) 
weight % of Ni loading;  

2) 
results obtained for the best catalyst;  

3) 
gases were diluted with inert gas; 

4)
mol% of Ni loading 

nd –no data 
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With respect to the influence of Ni loading and/or Ni/Al ratio, Touahra et al. [147] prepared 

hydrotalcite derived Ni/Al mixed oxides using different Ni/Al molar ratios (2, 3, 5, 8, 10), which were 

subsequently tested in DRM within the temperature range of 400-700°C. They observed an important influence 

of the calcination temperature, since NiAl2O4 spinel phase was detected in the catalysts calcined at 800°C, this 

fact being, according to the authors, the main reason for the higher stability of these materials in DRM. 

Moreover, the catalyst prepared using a Ni/Al ratio equal to 2 was showing the best overall catalytic 

performance. The work described the influence of Ni/Al molar ratio in terms of the final Ni particle size, which 

affected as well the stability of the material. Small Ni particles, i.e. around 6 nm size, are thus preferred. Let us 

note here that these catalysts were all pre-treated in pure H2 at 750°C for 1 h. This work was continued by 

Abdelsadek et al. [155] who tested the activity and stability of Ni/Al = 2 hydrotalcite-derived materials in DRM 

for ca. 40 h, followed by an in-situ regeneration of catalyst by means of the hydrogasification of carbon 

deposits. These catalyst were pre-treated at 650°C in pure H2 for 1 h, thus at lower temperature than the 

catalysts tested by Touahra and co-workers. The regeneration of the catalysts through hydrogasification 

resulted in an increase in DRM activity upon each cycle. The authors attributed this increase in activity to the 

formation a C-alpha type of carbon deposits upon DRM, Which may still result partial pore blockage but do not 

irreversibly poison the Ni-active sites. 

Lin et. al. [144] studied the influence of nickel loading within the range of 3-18 wt.% in Ni/Mg/Al 

hydrotalcite-derived catalysts for DRM. The authors found that both CH4 and CO2 conversions increased with 

increasing Ni loading. However, the influence of side reactions, namely CH4 decomposition and CO 

disproportionation, was more evident at low temperatures for the catalysts prepared using high nickel content. 

The 30 h-isothermal experiments, carried out at 600 and 750°C, showed that the stability of the catalysts was 

dependent on both reaction temperature and nickel content. At 750°C the stability of the catalysts improved 

with increasing nickel content. The opposite trend was observed at 600°C. In fact, coke deposition on the 

catalysts tested at 600°C increased with Ni loading. Increased Ni-contents favored the sintering of Ni particles, 

and thus the presence of bigger Ni particles resulted in the promotion of carbon-forming reactions. At 750°C, 

the amount of coke deposited decreased with increasing Ni content. The authors claimed that different types 

of carbons structures could be formed as a function of reaction temperature. The formation of encapsulating 

carbon, i.e. thick graphitic layers growing on the surface of Ni-particles, was considered to be responsible for 

carbon deactivation. 

Perez-Lopez et al. [140] studied the effect of the composition and the calcination temperature in the 

preparation of Ni/Mg/Al hydrotalcite-derived catalysts, using different M
2+

/M
3+

 and Ni/Mg molar ratios. They 

observed that the catalytic performance of Ni/Mg/Al hydrotalcites was mostly affected by the M
2+

/M
3+

 molar 

ratio rather than by the Ni/Mg ratio. The best catalytic performance in DRM was obtained in the presence of 

the materials prepared using a Ni/Mg ratio between 1-5 and fixed M
2+

/M
3+

 ratio around 2, calcined at 600°C 

and reduced at 700°C. For a constant M
2+

/M
3+

ratio, the surface area of the catalysts was found to be 

independent of Ni content, whereas when the Ni/Mg ratio was kept constant the surface area decreased 

drastically with the reduction of the M
2+

/M
3+

 ratio, i.e. an increase in Al content resulted in smaller surface 

areas. Two low M
2+

/M
3+

 are not sufficient in order to develop a spinel mixed oxide structure. However, the 

catalytic activity was found to be rather independent of surface area and mostly related to Ni crystal size and to 

Ni/Mg ratios. For a constant Ni/Mg ratio, the catalytic activity decreases as the M
2+

/M
3+ 

decreased. The 

selectivity in DRM was found to be influenced by both Ni/Mg and M
2+

/M
3+

 ratios. The authors finally claimed 

that these differences were due to the simultaneous influence of these parameters in the Ni crystal size and in 

the acid-base properties of the surface. They moreover remarked the influence of the reduction temperature in 

the activity and selectivity in DRM for this kind of catalysts. 

The influence of Ni/Mg molar ratio was further examined by Dudder et al. [156], who tested different 

catalysts containing 1, 5, 25 and 50 mol% Ni. The activity of these catalysts, evaluated in terms of methane 

conversion, increased with increasing Ni content, what was attributed to the increasing availability of Ni metal 

sites. In fact, the best catalytic performance was shown by the 50 mol% Ni-containing catalyst, which was 

moreover tested for 100 h, evidencing remarkable stability (around 6 % activity loss upon 100 h TOS). The type 

of formed carbon deposits was found to be dependent on both nickel content and reaction temperature. High 

temperature DRM favored formation of bulk graphitic forms of coke, while carbon nanofibers were formed at 
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lower reaction temperatures. However, Dudder and co-workers claimed that carbon species could be easily 

removed by O2 and CO2 either isothermally or using a temperature ramp, in order to regenerate the original 

catalytic activity. 

Dębek et al. [150] have recently considered the influence of Ni/Mg molar ratio in low temperature 

DRM for hydrotalcite-derived materials. The Ni/Mg molar ratio considered were 3, 1, 0.33, 0.18 and 0.06. A 

Mg-free NiAl-HT catalyst was also prepared and tested. Similarly than in the studies carried out by Dudder et al. 

[156] methane conversion increased with increasing Ni content, whereas CO2 conversion was found to be 

maximal for the catalyst containing ca. 20 wt.% Ni. Since methane and CO2 conversion need to be coupled, and 

equal, in the case of treating equimolar CH4/CO2 mixtures, this catalyst was considered as the most effective 

within this series. Decoupled and far too high methane conversions point to the simultaneous occurrence of 

direct methane decomposition, resulting in carbon formation and thus contributing to a faster deactivation of 

the catalyst, if this is not avoided by regeneration. Direct methane decomposition activity experiments 

performed on these catalysts further confirmed this fact. Increasing Ni content also resulted in increased Ni 

crystal size upon reduction and thus promoted this important concomitant reaction. The authors therefore 

claimed that selectivity could be tailored by means of controlling Ni crystal size that, together with an increased 

presence of the highest number of basic sites, i.e. especially strong basic sites, can result in inhibited carbon 

formation through direct methane decomposition. 

At the sight of the reported results it can be thus concluded that the Ni content and thus the Ni/Mg 

ratio, together with Ni/Al and Mg/Al molar ratios, can definitively determine the catalytic activity and 

selectivity of Ni-containing hydrotalcite-derived catalysts for DRM. DRM activity and selectivity can furthermore 

affect the stability of the catalysts and thus the different conversions and product distributions related to 

composition and preparation procedure can be related to the very different behaviors with TOS observed at 

different reaction temperatures. In general, increasing Ni content results in increased Ni particle or crystal sizes 

that, particularly at relative low or moderate temperatures, may result in the promotion of carbon forming 

reactions such as direct methane decomposition. Increasing Mg content can be linked to an increase in the 

overall basicity. Increasing basicity is generally seen as a positive fact, leading to enhanced stability. 

4.4.3 Effect of the method of Ni introduction into HTs structure 

The works discussed in the previous section refer to the incorporation of Ni-cations into the brucite-

like structure of the hydrotalcite precursors. Nickel can be nevertheless incorporated into hydrotalcite 

structure by different means, i.e. not only within the brucite-type layers. In fact, the most commonly applied 

procedure for the preparation of Ni-containing hydrotalcite-derived materials is the co-precipitation of the 

different cations present in a solution of their corresponding nitrates, yielding a mixed hydroxide structure 

were Ni has been introduced in its brucite-like layers (e.g. see references cited in the previous section). Other 

less frequently used methods considered the incorporation of Ni into the interlayer spaces of the hydrotalcite 

structure, either by the so-called reconstruction method, either through “memory effect” or via ion-exchange. 

The latter must be carried out using an appropriate hydrotalcite precursor, since carbonate anions are closely 

packed in the interlayer spaces, and thus it is hard to exchange them by other type of anions [135]. Usually HTs 

containing monovalent anions between the rhombohedral layers (e.g. NO
3-

) are applied for ion-exchange 

modification. The third possibility is to incorporate nickel species on the surface of hydrotalcite crystallites via 

conventional impregnation or adsorption methods. Table 12 summarizes the hydrotalcite-derived catalysts 

prepared by means of these different Ni incorporation procedures, recently reported in the existing literature. 

Guo et al. [141] used a conventional impregnation method to prepare nickel supported on MgAl2O4 

spinels obtained from Mg/Al hydrotalcite precursors upon their calcination at 800°C. Their performance was 

compared to similarly prepared Ni/γ-Al2O3 and Ni/MgO-Al2O3 catalysts. Using the MgAl2O4 spinel as support 

resulted in a highly active catalytic system presenting acceptable stability, due to an enhance dispersion of Ni-

particles together with the moderate interaction between active phase and support. Other works [88–90], 

already discussed within the previous sections, already evidence the advantages of using MgAl2O4 spinels as 

supports in the preparation of Ni-contained catalysts for DRM. 

Shishido et al. [157] compared the DRM catalytic activity of a co-precipitated Ni/Mg/Al hydrotalcite-

derived catalyst with the performance of 25.1 wt.% Ni impregnated MgAl2O4 (Mg/Al hydrotalcite-derived) 
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catalyst, and other conventional Ni/MgO and Ni/Al2O3 catalysts. Among them, the co-precipitated Ni/Mg/Al 

hydrotalcite-derived catalyst exhibited the highest activity at 800°C, what was explained in terms of the 

formation of highly dispersed and stable nickel species on the catalyst surface. 

Tan et al. [158] studied the DRM performance of Ni/Mg/Al mixed oxides prepared from hydrotalcites, 

which were synthesized via a surfactant-assisted co-precipitation method. The authors used 3 different 

surfactants at the co-precipitation stage, in order to modify the properties of the resulting material, i.e. their 

texture, reducibility, structure and nickel distribution on the catalysts surface. The DRM catalytic experiments 

evidenced that the use of the different surfactants significantly affected the catalytic performance of materials. 

When co-precipitation was carried out in the presence of tetrapropylammonium hydroxide (TPAOH), the 

resulting material yielded increased CH4 and CO2 conversions. The charge properties and coordination abilities 

toward metal ions of the different surfactants influenced the metal particle size and promoted or restrained 

the growth of specific crystal planes. In this sense, the authors showed that both catalytic activity and stability 

were strongly affected by the exposure of Ni(200) crystal plane (identified XRD and HRTEM, i.e. FFT images). 

These Ni(200) planes were furthermore formed during reaction at high temperatures upon a slow release of Ni 

encapsulated within the support, and were assumed to responsible for the stabilization of the catalytic activity, 

without providing further details on the reaction mechanism. Nevertheless, all the tested catalysts showed a 

considerable decrease in their catalytic activity at 800°C over 40 h-DRM experiments. 

Tsyganok et al. [159] proposed a new method of Ni introduction into hydrotalcite structure by co-

precipitation of a Mg/Al hydrotalcite in a solution of stable [Ni(EDTA)]
2-

 chelates. The so-prepared materials 

evidenced the presence of nickel-EDTA species in the interlayer spaces of the pristine hydrotalcite structure. An 

important advantage of this method vis-à-vis the conventional co-precipitation of Ni/Mg/Al hydroxides is that 

the reduction pre-treatment is not required, still the stabilization of the catalytic systems needed from 30 to 90 

min induction time. The catalyst showed stable performance during 150 h DRM tests at 800°C. Different forms 

of coke deposits were however found on the surface of the spent catalysts, pointing to the simultaneous 

occurrence of carbon forming reactions. However, carbon deposition did not seem to affect the catalytic 

activity. These materials yielded moreover higher conversion of CO2 than of methane, pointing to the 

concomitant occurrence of RWGS reaction and thus influencing the product distribution. 
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Table 12 The summary of Ni/Mg/Al hydrotalcite-derived catalysts into which nickel was incorporated via various methods 

Type of catalyst 
Method of 

hydrotalcite 
synthesis 

Cations in 
HTs layers 

Ni/Mg or 
Ni 

loading
1) 

M
2+

/ 
M

3+ 
Calcination 
conditions 

Reaction conditions Conversion
2)

 
H2/CO 

(-) 

Ref. 

Temp. 
(°C) 

CH4/ 
CO2 

GHSV 
(h

-1
) 

TOS  
(h) 

CH4  
(%) 

CO2  
(%) 

Ni supported on 
MgAl HTs 

Co-precipitation 
at constant pH 

Mg
2+

, Al
3+ 1, 3, 5, 10, 

15
1) nd 900°C for 5h 750 1/1 50000 10 85 96 0.9 

[141] 

NiMgAl HTs; Ni 
supported on 

MgAl HT 

Co-precipitation 
at constant pH 

Ni
2+

, Mg
2+

, 
Al

3+ 1/2 3 650 and 
850°C for 
14h in air 

800 1/1
3) 

54000 6 

94 nd nd 
[157] 

Impregnation of 
Ni

2+
 on MgAl HT 

Mg
2+

, Al
3+ 

25.1
1)

 3 92 nd nd 

NiMgAl HTs 
Surfactant 

assisted co-
precipitation 

Ni
2+

, Mg
2+

, 
Al

3+
 

10
1) 

3 700°C for 6h 800 1/1 60000 35 47 62 nd 
[158] 

Ni introduced 
into MgAl HTs 

Co-precipitation 
in [Ni(EDTA)]

2- Mg
2+

, Al
3+

 - 3 
500°C for 
16h in air 

800 1/1
3)

 nd 150 98 95 1.0 
[159] 

Ni introduced 
into MgAl HTs 

and NiMgAl HTs 

Co-precipitation 
in [Ni(EDTA)]

2-
 

Mg
2+

, Al
3+

 1/7 3.5 

500°C for 
16h in air 

800 1/1
3) 

nd 6 

97 95 1.0 
[143] 

Anion exchange Mg
2+

, Al
3+

 1/11 3.3 97 95 1.0 

Reconstruction Mg
2+

, Al
3+

 1/11 3.6 97 94 1.0 

Co-precipitation 
Ni

2+
, Mg

2+
, 

Al
3+

 
1/5 2.5 98 96 1.0 

NiMgAl HTs Sol-gel method 
Ni

2+
, Mg

2+
, 

Al
3+

 
4, 15, 19

1) 
nd 

500, 650°C 
for 5h 

800 1/1
3)

 
2.94· 
10

-5
,
5) 8 96 94 nd 

[142] 
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Table 12 Continuation 

Type of catalyst 
Method of 

hydrotalcite 
synthesis 

Cations in 
HTs layers 

Ni/Mg or 
Ni 

loading
1) 

M
2+

/ 
M

3+ 
Calcination 
conditions 

Reaction conditions Conversion
2)

 
H2/CO 

(-) 

Ref. 

Temp. 
(°C) 

CH4/ 
CO2 

GHSV 
(h

-1
) 

TOS  
(h) 

CH4  
(%) 

CO2  
(%) 

NiMgAl HTs 

Sol-gel method 
Ni

2+
, Mg

2+
, 

Al
3+

 
15

1) 

0.25-19 
750°C for 5h 

in air 
800 1/1

3)
 36000 40 

84 89 nd 
[88] 

Co-precipitation 
at constant pH 

Ni
2+

, Mg
2+

, 
Al

3+
 

2 84 89 nd 

NiAl HT and Ni 
supported on 

MgAl HT 

Co-precipitation 
at constant pH 

Ni
2+

, Al
3+

 63
1) 

4 
550°C for 4h 

in air 
550°C 2/1 20000 1 

48 57 2.7 
[160] 

Adsorption of 
[Ni(EDTA)]

2-- Mg
2+

, Al
3+

 0.8
1) 

3 25 38 1.6 

NiMgAl HTs 
Co-precipitation 
at constant pH 

Ni
2+

, Mg
2+

, 
Al

3+
 

10
1) 

1.5-9 800°C for 3h 800 1/1 nd 4 86 87 nd 
[161] 

NiMgAl HTs 
Co-precipitation 
at constant pH 

Ni
2+

, Mg
2+

, 
Al

3+
 

10
1) 

3 
500-800°C 

for 6h 
800 1/1 8000 2000 92 95 0.9 

[162] 

1) 
weight % of Ni loading;  

2) 
results obtained for the best catalyst;  

3) 
gases were diluted with inert gas; 

4)
mol% of Ni loading 

nd –no data 
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In a subsequent work, Tsyganok et al. [143] compared the DRM catalytic performance of Ni-containing 

hydrotalcite-derived catalysts prepared following different routes, such as: co-precipitation of Mg
2+

 and Al
3+

 

with pre-synthesized [Ni(EDTA)]
2- 

 complexes; anion exchange reaction of NO3
2-

 ions in the hydrotalcite 

interlayer spaces with [Ni(EDTA)]
2-

 chelate in aqueous solution; calcination of Mg/Al hydrotalcite at moderate 

temperature, followed by reconstruction of hydrotalcite layered structure in an aqueous solution of 

[Ni(EDTA)]
2-

; and traditional co-precipitation of Ni
2+

, Mg
2+

 and Al
3+

 with CO3
2-

. In spite of the differences in Ni 

crystal size, all the catalysts prepared using [Ni(EDTA)]
2-

 chelates showed stable performance and high 

conversions of both CH4 and CO2. The highest amount of deposited carbon was indeed found for the catalyst 

prepared through traditional co-precipitation. Dębek et al. [160] also studied the effect of nickel introduction 

into hydrotalcite-based catalytic systems, and compered the performance of Ni/Al mixed oxides with Mg/Al 

hydrotalcite into which nickel was introduced via the adsorption of [Ni(EDTA)]
2-

 complexes. The results showed 

that both catalysts were active in DRM at 550°C. However, the material into which nickel was introduced by 

means of the adsorption of [Ni(EDTA)]
2-

 chelates exhibited higher activity per gram of active material, with the 

respect to the catalysts into which nickel was introduced into the brucite-like layers of the pristine hydrotalcite 

via the conventional co-precipitation method. 

Though conventional impregnation of MgAl2O4 spinels derived from the calcination of Mg/Al 

hydrotalcites already yields good results in the preparation of Ni-containing hydrotalcite-derived catalysts for 

DRM, the co-precipitation of Ni/Mg/Al hydroxides can lead as well to an uncomplicated synthesis of highly 

performing hydrotalcite-derived materials. Other methods, such as the incorporation of Ni-species in the form 

of [Ni(EDTA)]
2-

 chelates need to be further explored, since they may offer important advantages, such as 

bypassing the reduction pre-treatment of the catalyst. However, the surface of the catalysts and the state of Ni 

species may change upon TOS, and indeed, relatively long induction periods seem to be needed. 

4.4.4 Influence of the air-calcination temperature 

The thermal stability of hydrotalcite-like materials is an important issue, since the products of their 

thermal decomposition of layered double hydroxides (LDHs) find application not only in DRM catalysis but also 

in various branches of industry. Although hydrotalcite-like materials may greatly differ in their composition, 

they exhibit similar thermal decomposition behaviour [50]. This usually comprises four consequent steps [163]: 

(i) the removal of water physically adsorbed on the external surfaces of the crystallites (below 100°C), (ii) the 

removal of interlayer water (up to 250°C), (iii) the removal of hydroxyl groups from the layers as water vapour 

and (iv) the decomposition of the interlayer anions (up to 500°C). The steps (iii) and (iv) usually overlap. 

Thermal treatments up to 500°C are normally associated with the loss of ca. 40 wt.% of the initial weight and 

have been reported for several hydrotalcite-like materials, which differed in composition [135,163–166]. As a 

result of this thermal decomposition, the lamellar structure of hydrotalcites collapses and a new phase of 

periclase-like mixed nano-oxides is obtained, i.e. analogous to the cubic form of MgO where the different 

oxides appear mixed and exhibit crystal sizes in the order of several nanometers [136]. 

Water, together with the gaseous products of anion decomposition, are released during the thermal 

treatment of the hydrotalcite structure, can create channels in brucite-like layers and lead to the formation of 

additional porosity, mostly within the range of mesopores. Thus, the mixed-oxides obtained upon calcination 

are usually characterized by higher specific surface areas, in comparison to their parental hydtotalcite materials 

[135]. Upon further heating, the periclase-like structure of the mixed oxides may undergo structural further 

changes, leading to the formation of stable spinel phase. This phenomenon is dependent on material 

composition and usually takes place at high temperatures (above 700°C). However, e.g. the formation of 

MgFe2O4 spinel was reported for Mg-Fe-CO3 hydrotalcite already upon heating at 350°C [136]. Therefore, 

selection of appropriate calcination temperature is an important factor that may determine catalytic activity in 

DRM. A summary of different works considering and discussing the effect of calcination temperature in the 

DRM performance of hydrotalcite-derived catalysts is presented in Table 13.  

Table 13 The effect of calcination temperature on HTs-derived materials in DRM 

Type of 
catalyst/Method

1) 
Calcination 
conditions 

Effect of calcination temperature Ref. 
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NiAl HTs/CP 300, 400, 500, 
600, 700 and 
800°C for 6h 

Calcination temperature <500°C has minimal effect of 
activity; Increase in calcination temperature resulted in 

increased activity and stability 

[147] 

NiMgAl HTs/CP 400, 600, 800°C 
for 6h 

Calcination temperature had a small influence on the 
activity and selectivity 

[140] 

NiMgAl HTs/SG 500, 650°C for 
5h 

Moderate calcination temperatures prevent formation of 
spinel phase. Higher calcination temperature resulted in 

the increased stability 

[142] 

NiMgAl HT/CP 500, 600, 700, 
800ۜ°C  for 6h 

No significant effect of calcination temperature on 
performance in DRM was observed 

[162] 

NiMgAl HT/CP 350, 600, 800, 
1000°C 

Calcination at 800 and 1000°C resulted in formation of 
spinel phase. The optimal calcination temperature was 

selected to be 600°C 

[153,154] 

1)
Method of HTs synthesis: CP-co-precipitation; SG-sol-gel method 

Thouahra et al. [147] examined the influence of the calcination temperature on the performance of 

Ni/Al catalysts. They concluded that the use of calcination temperatures below 500°C did not practically affect 

the catalytic activity. In this way, the catalysts calcined at 300 and 400°C exhibited very similar values of specific 

surface area and Ni particle size. On the contrary, calcination temperatures above 500°C could strongly 

influence the final catalytic properties of the prepared materials, due to the formation of different spinel 

phases, which resulted in increased interaction between Ni and Al. A decrease in Ni particle size with increasing 

calcination temperature was thus observed. The highest stability and activity was recorded by Ni/Al catalyst 

calcined at 700°C. The studies carried out by Perez-Lopez et al. [140] evidenced however that for Ni/Mg/Al 

hydrotalcite-derived catalysts, the calcination temperature had a minimal effect on the catalytic activity. Similar 

results, presented by Li et al. [162], showed that calcination temperature did not significantly affect the 

catalytic activity of Ni/Mg/Al hydrotalcite-derived catalysts containing 10 wt.% Ni. These authors observed 

however that crystal size of the periclase-like phase of mixed oxides increased with increasing calcination 

temperature. The formation of NiAl2O4 spinel phase was however not observed and the catalysts calcined at 

600, 700 and 800°C exhibited very similar performance in DRM at 800°C. It seems therefore that the presence 

of Mg inhibited the formation of mixed spinel phases in these materials. 

Gonzalez et al. [142] considered the sol-gel preparation of Ni/Mg/Al hydrotalcite-derived mixed oxides 

with 4, 15 and 19 wt.% Ni. They studied the influence of moderate calcination temperatures (500-650°C) in 

order to avoid the formation of spinel structures. The resulted materials also promoted side reactions, such as 

CH4 decomposition, Boudouard reaction and RWGS. The best catalytic performance was observed for the 

catalyst containing 19% Ni and calcined at 650°C. The calcination temperature influenced the amount of carbon 

formed during reaction, i.e. it decreased with increasing calcination temperature. Mette et al. [153,154] 

investigated performance of Ni/Mg/Al hydrotalcinte-derived catalysts with high Ni loading (55 wt.%) calcined 

and reduced in various conditions. Calcination at 800 and 1000°C resulted in the formation of spinel phases, 

inactive in DRM. Authors confirmed that temperature 600°C is sufficient to obtain an amorphous, fully 

dehydrated and carbonate-free NiMgAl mixed oxide, whose catalytic activity in DRM might be further tailored 

by the subsequent modification of reduction temperature. The most active and stable catalysts for DRM at 

900°C was the one prepared via calcination at 600°C, followed by reduction at 800°C. 

 

4.4.5 Effect of the addition of different promoters 

Ce-promotion 

Ceria is well known for its high oxygen storage capacity associated linked to the redox transformation 

between Ce
3+

 and Ce
4+

 [79,92]. Therefore, the application of ceria as a promoter for hydrotalcite-derived 

catalysts in DRM reaction may be beneficial, due to easier removal of carbon deposits via oxidation by oxygen 

anions. Moreover, nickel can dissolve in the fluorite structure of CeO2. The Ni-O-Ce bond is stronger than Ni-O 
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bond in the NiO crystal, thus leading to increased metal-support interactions in ceria-supported Ni systems, 

resulting in the formation of small Ni particles. The comparison of different methods of ceria introduction into 

Ni/Mg/Al hydrotalcite-derived mixed oxides reported in literature is presented in Table 14. 

The addition of cerium to Ni/Mg/Al hydrotalcites was widely studied by Daza et al., who investigated 

the effect of the method for the introduction of cerium [167], Ce loading [145,146,168] and the general 

hydrotalcite preparation procedure [169]. The authors compared the DRM catalytic performance registered for 

a non-promoted Ni/Mg/Al catalysts and for Ce-promoted co-precipitated catalysts (containing 5 wt.% Ce) 

prepared through co-precipitation in solutions of Na2CO3, [Ni(EDTA)]
2-

 and [Ce(EDTA)]
- 

[167]. In all cases, the 

ceria-promoted catalysts exhibited higher activity than the non-promoted catalyst. The promoting effect of 

ceria was attributed to the increase of reducibility of nickel species without observing in all cases a 

simultaneous reduction in the resulting Ni particle size. The best catalytic performance was observed for the 

catalyst obtained by conventional co-precipitation in Na2CO3, with average CH4 and CO2 conversions after 200 h 

TOS equal to ca. 78% and 87%, respectively. Moreover, it was observed that the catalysts prepared using low Ni 

content and prepared via co-precipitation in solution of [Ni(EDTA)]
2-

 complexes exhibited similar performance 

to the samples loaded with much higher Ni content. This was attributed to the formation of very small nickel 

crystallites (smaller than 5nm), in the presence of Ce and specially for this catalysts prepared in the presence of 

[Ni(EDTA)]
2-

 complexes. 

Daza et al. [168] also studied the influence of Ce content in Ni/Mg/Al hydrotalcite-derived catalysts. 

Ceria was introduced into hydrotalcite structure by reconstruction method using [Ce(EDTA)]
-
 complexes. The Ce 

and nominal loading was equal to 0, 1, 3, 5 or 10 wt.%. Ce-promoted materials exhibited an increase in total 

basicity with increasing ceria content, upon their calcination and reduction. Using X-ray photoelectron 

spectroscopy (XPS), the authors further confirmed the coexistence of Ce2O3 and CeO2 on the catalyst surface. 

During DRM CO2 can be adsorbed on Ce2O3 sites, yielding CO and CeO2 in a redox cycle. The produced CeO2 can 

further react with deposited carbon, regenerating both Ce2O3 and CO2. This proposed mechanism may explain 

the increase in total basicity and the increased stability of Ce-promoted catalysts and is in good agreement with 

results presented recently by Lino et al. [170]. In general, higher conversions of CH4 than CO2 were observed for 

ceria containing samples, which may be explained by the conversion of methane into light hydrocarbons or 

simply due to direct methane decomposition. The amount of Ce introduced did not have significant influence 

on CH4 and CO2 conversions and H2/CO molar ratio. However, it influenced the formation of carbon deposits. 

The smallest amounts of catalytic coke were formed on the samples loaded with small amounts of Ce, between 

1-3 wt.%. Thus, the authors stated that the optimal nominal amount for Ce promotion was 3 wt.% [146].  

Similar conclusions were driven in another study of the same authors, where ceria was introduced into 

the hydrotalcite-derived catalytic system at the co-precipitation [145]. Catalysts prepared using different Al/Ce 

molar ratios were studied. The reducibility of the catalysts increased with increasing ceria content, i.e. 

decreasing Al/Ce ratios, which resulted in the formation of bigger Ni crystallites, and thus had a negative effect 

on the catalysts stability. The same authors also compared the performance of Ni/Mg/Al hydrotalcites 

synthesized via co-precipitation and self-combustion in glycine methods [84]. Mixed oxides obtained through 

calcination of the resulting hydrotalcites underwent additionally reconstruction in presence of a solution of 

[Ce(EDTA)]
-
 complexes. The catalyst prepared from the self-combusted hydrotalcite showed enhanced 

performance. Its higher activity was related by the authors to its higher specific surface area, pore volume and 

total basicity. 

Table 14 Methods of ceria introduction into Ni/Mg/Al hydrotalcite derived mixed oxides tested in DRM 

Method of hydrotalcite 
synthesis 

Method of Ce 
introduction into HT 

structure 

Ni/ 
Mg 

Ce 
conten

t 
(wt.%) 

Calcination 
conditions 

Ref. 

Co-precipitation in solution of 
Na2CO3, [Ce(EDTA)]

-
 or 

[Ni(EDTA)]
2- 

At co-precipitation stage 
in form of Ce

3+
 cations or 

[Ce(EDTA)]
- 

1/2 5 
500°C for 16h in 

air 
[167] 
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Co-precipitation at constant 
pH 

Reconstruction method 
with solution of 

[Ce(EDTA)]
- 

2 
0, 1, 3, 
5, 10 

500°C for 16h in 
air 

[168] 

Co-precipitation at constant 
pH 

Reconstruction method 
with solution of 

[Ce(EDTA)]
-
 

2 
0, 1, 3, 

10 
500°C for 16h in 

air 
[146] 

Co-precipitation at constant 
pH 

At co-precipiatation 
stage in form of Ce

3+
 

cations 
2 

24, 9, 
4, 1,5

1) 
500°C for 16h in 

air 
[145] 

Co-precipitation at constant 
pH and self-combustion 

method 

Reconstruction method 
with solution of 

[Ce(EDTA)]
-
 

2 3 
500°C for 16h in 

air 
[169] 

Co-precipitation at constant 
pH 

At co-precipitation stage 
in form of Ce

3+
 cations 

and by impregnation 
20

2) 
1-10

1) 
500°C for 4h [171] 

Co-precipitation at constant 
pH 

Adsorption from the 
solution of [Ce(EDTA)]

-
 

0.6
2) 

1.15 550°C for 4h [172] 

Co-precipitation at constant 
pH 

Adsorption from the 
solution of [Ce(EDTA)]

-
 

1/3 3.7 550°C for 4h 
[173–
175] 

Co-precipitation at constant 
pH 

At co-precipiatation 
stage in form of Ce

3+
 

cations 

10, 
25

2) 5 650°C for 5h [170] 

1)
 Al/Ce molar ratio 

2)
 weight % of Ni 

Recently, Ce-promoted Ni/Mg/Al hydrotalcite-derived catalysts have been as well considered by Ren et 

al. [171], who investigated DRM reaction at moderate pressure (0.5 MPa). The results confirmed important 

anti-coking benefits of ceria addition. However, the effect of Ce-promotion depended on the amount and the 

method of ceria introduction. The Ce-impregnated catalysts were more effective in the formation of coke 

deposits than the co-precipitated ones, which was associated to the higher content of Ce
3+

 on the catalyst 

surface and to an increased presence of lattice defects in the CeO2 present in the former catalysts. These 

materials were very active in DRM and showed an initial CH4 conversion at 750°C very close to the 

thermodynamic equilibrium limit. However, carbon deposition was observed over the catalyst surface. The 

amount of coke deposited, and thus the deactivation of catalyst, increased with increasing of Ce loading. These 

results are in agreement with those reported by Daza et al. [168], who also reported that high loading of ceria 

may have negative effect on catalyst stability, due to the enhanced reducibility of nickel species, leading to the 

formation of bigger crystallites on the catalyst surface. 

Dębek et al. [173,175] proposed a method of Ce addition into HTs structure via adsorption from a 

solution of [Ce(EDTA)]
-
 complexes. Ce addition resulted in an increased reducibility of the nickel species and in 

the introduction of new strong (low coordinated) oxygen species and intermediate (Lewis acid-base pairs) 

strength basic sites, which increased the CO2 adsorption capacity. The DRM activity of these materials 

consequently increased, especially in terms of CO2 conversion. Instead, Ce promotion lowered CH4 conversion 

with respect to unpromoted catalyst, what was attributed to the partial inhibition of direct methane 

decomposition. These authors concluded that Ce-promotion could change selectivity of the process and 

moreover determine type of carbon deposits, i.e. amorphous or graphitic, formed upon the DRM reaction. In a 

subsequent work [172], they proved that the effect of ceria promotion is also dependent on the method of Ni 

introduction. The incorporation of Ni species via adsorption of [Ni(EDTA)]
2-

 complexes, followed by ceria 

promotion resulted in increased activity, stability and selectivity and yielded an stoichiometric syngas as 

reaction product, in comparison to the non-promoted catalyst. 

Other promoters 
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The use of different promoters of NiMgAl hydrotalcite-derived catalysts, other than cerium, has been 

as well reported in the literature published in the last years. Table 15 contains a summary of these published 

works, the promoter used and the results observed upon their addition to the hydrotalcite-derived catalysts. 

Table 15 The effect of promoters on the performance of NiMgAl hydrotalcite derived catalysts in DRM. 

Promoter Catalyst 
Promoter loading 
(wt.%)/Method

1)
 

Effect of addition Ref. 

La NiMgAl-HT 0, 0.04, 0.11, 0.18
2)

/CP 
Increased stability and 

activity 
[176] 

La NiMgAl-HT 1.1, 2/CP 
Increased stability and 

decreased activity 
[177,178] 

La NiMgAl-HT 0, 1, 2, 4/CP 
Increased activity, selectivity 

and stability 
[179] 

La 10 wt.% Ni 
impregnated on 

MgAl-HT 

10/IMP Increased reducibility of Ni; 
Promotes carbon formation 

[180] 
Rh 1/IMP 

CeZrO2 NiMoMgAl-HT 0, 5, 10, 15, 20/CP 
Increased catalyst activity; 
Promotes reducibility of Ni 

[181] 

Ru 
5 wt.% Ni 

supported on 
MgAl-HT 

0.1/RE 
Inhibits sintering; Increased 

activity and stability 
[182] 

Co 
NiMgAl and 

NiCoMgAl-HTs 
1, 4

3)
/CP 

Increased activity and 
stability 

[144] 

Co NiCoMgAl-HTs 2.76-12.9/CP nd
4) 

[183] 

Zr NiMgAl-HT 3/CP 

Decreased reducibility; 
formation of small Ni 
crystallites; Increased 

stability 

[174,184,185] 

1)
 Preparation methods: IMP – Impregnation; CP – Co-precipitation; RE-reconstruction in the solution of [M

n+
(EDTA)]

(4-n)-
 

chelates 
2)

 nominal La/Al molar ratio 
3)

 nominal Ni/Co molar ratio 
4)

 nd- no data, since performance of catalyst was not compared to reference Ni-based sample 

Yu et al. [176] investigated the addition of La into Ni/Mg/Al hydrotalcite-derived catalysts. The effect 

of lanthanum was positive on both catalyst stability and activity, within the temperature range 600-700°C. La-

addition increased total basicity and surface Ni content of the catalyst, resulting in a considerable suppression 

of coking. The best catalytic performance was registered for the sample with a nominal La/Al molar ratio of 

0.11, which at 700°C yielded CH4 and CO2 conversions equal to 76 and 72%, respectively. A similar positive 

effect of lanthanum addition, in terms of catalyst stability, was observed by Serrano-Lotina et al. [177,178]. 

However, a decrease in the catalytic activity with TOS was still observed, assigned to the decrease in Ni 

crystallinity in the La-promoted catalyst. Liu et al. [179], on the other hand, reported an enhanced catalytic 

activity towards CH4 conversion, which was explained in terms of the increase of Ni particle size and the 

simultaneous promotion of direct methane decomposition. However, the amounts of carbon deposited on the 

surface of the catalysts were lower than expected. Thought the formation of oxicarbonate species (La2O2CO3), 

La-promotion contributed to the gasification of amorphous carbon deposits. The optimal La content was found 

to be ca. 4 wt%. The different results obtained upon La-promotion of these Ni-containing hydrotalcite-derived 

catalysts are most probably a result of using different La-loads and different La incorporation methods. 

Moreover, the conditions chosen for the calcination and pre-treatment of these materials surely further 

determine its catalytic behaviour in DRM. 
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Lucredio et al. [186] studied La and/or Rh addition into Ni supported on MgAl-hydrotalcite. The results 

showed that the addition of both La and Rh resulted in increased reducibility of nickel species. Thus more Ni 

active sites were formed on the catalyst surface. Indeed, the catalyst promoted with both Rh and La showed 

higher activity in terms of CO2 conversion, However, a negative effect of promoters addition was observed, as 

Rh and La promoted samples exhibited higher amounts of carbon deposited after 6 h TOS at 750°C.  

The DRM catalytic activity of Ni/Mg/Al hydrotalcite-derived catalysts promoted with Ru was studied by 

Tsyganok et al. [182]. The addition of small amounts of Ru into the catalyst structure by means of a 

reconstruction method had a highly positive effect on the catalytic performance. Ru-promotion inhibited the 

sintering of Ni crystallites, thus enhancing the stability of the promoted catalyst. Moreover, the authors showed 

that a better performance of both catalysts was achieved when hydrotalcite samples were calcined/reduced in 

situ, and concluded that calcination prior to the reaction may result in sintering of NiO.  

Molybdenum has been as well used in the preparation of Ni-containing bimetallic hydrotalcite-derived 

catalysts for DRM. The presence of Mo is thought to stabilize Ni-species. Li et al. [181] prepared Ni-Mo/Mg(Al)O 

hydrotalcite derived catalysts that they further promoted using Ce and Zr. These catalysts showed poor 

selectivity and were found to be considerably active in the RWGS reaction at 800°C. The however authors 

confirmed the formation of a complex support of Ce0.8Zr0.2-Mg(Al)O, whose presence was beneficial in terms of 

catalytic activity. They further stated that the cycling of Ce
4+

/Ce
3+

 contributes to the oxidation of carbon 

deposits at temperatures higher than 900°C, in agreement with the results about Ce promotion discussed 

previously discussed in this review. No details are however provided regarding the role of Mo in this bimetallic 

catalyst. 

Long et al. [187] investigated the activity of Ni-Co bimetallic hydrotalcite-derived catalysts for DRM. 

The results showed that the addition of Co in an appropriate amount had a positive effect on the catalytic 

performance. The catalysts were characterized by XRD, XPS, TEM and N2 adsorption techniques. The sample 

with Ni/Co molar ratio equal to 4 showed the highest conversions of CO2 and CH4 and a stable performance in 

DRM at 700°C up to 100h TOS. This was explained by synergetic interactions between Ni and Co, which resulted 

in the formation of highly dispersed small Ni crystallites. On the contrary, Zhang et al. [183] reported the best 

performance of Ni-Co hydrotalcite-derived catalysts for Ni/Co molar ratios close to unity. The authors, 

however, noted that the amount of metals had also effect on the catalyst performance, and catalysts with low 

content of Ni (1.83-3.61 wt.%) and Co (2.76-4.43 wt.%) showed better performance. 

As explained before, Li et al. [181] considered the simultaneous use of Ce and Zr as promoters. Dębek 

et al. [174,184] also considered the utilisation of Ce, Zr and Ce-Zr as promoters of Ni/Mg/Al hydrotalcite 

derived catalysts for DRM at low temperatures, i.e. 550°C. The characterization of the materials evidenced that 

Ce-species were present as a separate phase on the materials surface, while Zr
4+

 cations were successfully 

incorporated into the brucite-like layers of catalysts precursors. The presence of the promoters was found to 

strongly determine both the activity and the selectivity of these catalysts. The characterization of the spent 

catalysts showed that Ce addition led to the formation of higher amount of carbon deposits with respect to the 

non-promoted catalysts. However, the type of carbon deposits formed depended on the promoter used, and 

lower amounts of undesired graphitic carbon were observed over Ce-promoted samples in comparison to non-

promoted catalyst. Moreover, Ce-promoted samples showed lower activity towards direct methane 

decomposition. Zirconia addition further inhibited this important side reaction, favouring the interaction of 

methane with CO2 together with other important parallel reactions, such as reverse Boudouard reaction. 

Though lower conversions of both methane and CO2 were measured for Zr-containing samples, almost no 

carbon was deposited on the catalysts surface upon 5h of DRM reaction at 550°C. Carbon nanotubes were 

formed upon direct methane decomposition on Ni-containing catalysts. The physicochemical characterization 

of the catalysts showed the formation of narrower porosity, resulting in higher surface areas for Zr-promoted 

catalysts. The XRD and TEM measurements confirmed the formation of small Ni crystallites (around 4 nm) in 

these two catalysts, which were considerably smaller than for the non-promoted sample (around 12 nm). Due 

to the active site size-selective character of the different reactions involved in DRM, such small Ni crystallites 

were not active in direct methane decomposition and favoured other side reactions, i.e. reverse Boudouard 

reaction. Moreover, the presence of Zr was found to promote the adsorption of CO2 on weak and moderate 
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strength basic sites, resulting in a favoured interaction of adsorbed CO2 with methane, and thus enhancing 

selectivity towards DRM. There is no doubt that the very beneficial effect is connected to the synergetic effect 

between Zr and Ni species present in HTs brucite-like layers. Zr promotion seems to be the guarantee of stable 

DRM HTs-derived catalyst, however, further research in this area is still needed. 

4.4.6 Conclusions 

The present review aims to contain an overview of the recent advances in the use of nickel-containing 

hydrotalcite-derived catalysts for dry reforming of methane (DRM). The reviewed literature evidences that the 

catalytic activity, selectivity and stability of such materials is dependent on various factors including: the 

content of nickel in brucite-like layers, the method of nickel incorporation, the molar ratios of Ni/Mg, Ni/Al and 

M
2+

/M
3+

 and the use of different promoters. Moreover, the catalytic behaviour strongly depends on the 

conditions chosen for the calcination and reduction pre-treatment of the catalysts. In general, hydrotalcite-

derived catalyst showed in general high activity and adequate stability at relatively high temperatures, i.e. 

above 700°C. However, the formation of carbonaceous deposits was still commonly observed. The extent of 

carbon formation, coking of the catalyst surface and deactivation depend on the physicochemical features of 

the catalyst. No general agreement can be found in the literature, about the key properties warrantying a good 

catalytic stability. However, it is generally believed that Ni sintering and/or the presence of bigger Ni 

particle/crystals enhance direct methane decomposition, resulting in carbon formation. Some works remark 

that the carbon deposited can be easily removed via oxidation or hydrogasification. A further evaluation of the 

consequences of these regeneration thermal treatments on the state and properties of the Ni-phase is 

needed. The incensement of materials stability in low temperature DRM seems to be the most challenging 

aspect, as low temperature DRM might be powered by non-emitting energy sources, such as renewables or 

small nuclear reactors. The proposed solutions in literature include the use of different promoters, such as Ce, 

La, Zr, as well as other metals, such as Co and Mo. The presence of these promoters increase nickel-support 

interactions, preventing in this way sintering of nickel species and inhibiting i C-forming side reactions. Very 

promising results were obtained for hydrotalcite-derived catalysts containing Zr species in the brucite-like 

layers. Further research however essential in order to obtain stable and active catalysts, which will enable 

commercialization of DRM process for chemical valorization of CO2. 
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5. Future plans 

5.1 Bimetallic hydrotalcite-derived catalyst 

As reported in subsection 4.4 the hydrotalcite-derived catalyst were proven to be very effective 

systems in DRM reaction. However, the research on their application in CO2 methane reforming needs to be 

further developed. The recent publications in the topic showed that the addition of a second metal to Ni-

containing hydrotalcite-derived materials and obtaining in this way bimetallic catalyst might be one of possible 

ways of addressing the problem of stability of Ni-based catalysts. Basing on literature review the authors of this 

report propose the addition of Co, Cu, Fe, Mn or Mo as the second metal. The discussion and literature review 

regarding similar materials is presented below. 

5.1.2 Co, Cu, Fe, Mn, Mo promoters of Ni-based catalysts for dry methane 

reforming 

The theoretical and experimental studies confirmed that Fe and Co themselves are active in catalyzing 

dry reforming reaction [48,51]. The activity of iron-based catalyst was reported to be higher than that of Ni, 

however, Fe catalyst is much more prone to coking [52].  

Long et al. [187] investigated Ni-Co bimetallic hydrotalcite-derived catalysts in DRM. The results 

showed that the addition of an appropriate amount of Co had a positive effect on catalyst performance. The 

sample with Ni/Co molar ratio equal to 4 showed the highest conversions of CO2 and CH4 and a stable 

performance in DRM at 700°C up to 100h TOS. This was explained by synergetic interactions between Ni and 

Co, which resulted in the formation of highly dispersed small Ni crystallites. On the contrary, Zhang et al. [183] 

reported the best performance of Ni-Co hydrotalcite-derived catalysts for Ni/Co molar ratios close to unity. The 

authors noted, however, that the amount of metals also affected the catalyst performance, and the catalysts 

with low content of Ni (1.83-3.61 wt.%) and Co (2.76-4.43 wt.%) showed better performance.  

The effect of Cu promotion on Ni clay-based catalyst was investigated by Liu et al. [188]. The Cu-

promoted catalyst showed much higher conversions of CH4 and CO2 than Fe-promoted and unpromoted 

materials. This was attributed to the activity of copper in reverse water gas shift reaction and methanol 

synthesis process, which may influence overall DRM activity. On the other hand, the authors observed 

decreased basicity of Cu-promoted catalysts, which may influence deposition of carbon deposits. Ashok et al. 

[189] investigated Ni/Cu/Al hydrotalcites for direct methane decomposition. Their studies showed that the 

addition of copper inhibited the tested reaction. Thus, the addition of Cu into hydrotalcites may increase their 

resistance to coking.  

Ni-Fe/MgAl2O4 catalysts for CO2 methane reforming were studied by Theofanidis et al. [190,191]. The 

Fe promoted material showed higher resistance to coking than the unpromoted sample. The authors explained 

this phenomenon by redox properties of Fe2O3, as upon DRM reaction FeOx species were formed which helped 

to oxidize carbon deposits by iron oxide lattice oxygen.  

Mn-promotion was investigated by Gou et al. [192] on Ni-Mn/Al2O3 catalyst. The Mn promotion 

increased CH4 conversion by 10% and decreased catalyst deactivation rate with respect to the unpromoted 

catalyst. Additionally, Mn addition increased basicity of the materials which may explain increased coking 

resistance ability of Mn-promoted sample. On the other hand, Yao et al. [122] observed that the addition of Mn 

to Ni/SiO2 catalyst promoted the dispersion of Ni species leading to smaller particle size of NiO on the fresh 

Ni/SiO2 catalyst. Additionally, the authors also observed the formation of NiMnO4 spinel phase, which increased 

interactions between nickel and support. Similar results were reported by Touahra et al. [193] for Mn 

promoted Ni/Al hydrotalcite-derived catalysts. In general, all authors attributed enhanced catalytic 

performance of Ni-Mn catalysts to the formation of MnOx species, which exhibit multiple valence states with a 

superior performance in oxidation-reduction cycles. Thus lattice oxygen of MnOx may participate in the 

oxidation of carbon deposits increasing in this way both activity and stability.  

Mo-promotion of Ni/Al2O3 catalyst for propane dry reforming showed stable performance of such 

material, which was attributed to the anti-coking properties of molybdenum [194]. These results were 
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confirmed by the study of Yao et al. [195]who investigated Ni-Mn/Al2O3 catalyst in methane dry reforming. The 

authors observed that the Mo promotion effect was greatly dependent on the applied reduction temperature 

which affected the formation of either Ni-Mo alloy or Ni
0
 separated phase. For the catalyst reduced at 700°C 

the formation of Ni
0
 separate phase and enhanced activity were observed. 

As it was presented above there is a huge potential in the application of bimetallic catalysts in CO2 

utilization processes. However, there are still a lot of questions and open problems, such as: (i) how 

introduction of second metal to Ni-based catalyst influence its surface properties (acidity, basicity, as well as 

their balance, porosity, dispersion of nickel species), (ii) how the effect of addition of second metal is influenced 

by the method of catalyst preparation, (iii) how stability of the materials is influenced during long-term stability 

tests, (iv) how to increase activity of CO2 methanation catalysts at low reaction temperatures and (v) how the 

regeneration of DRM catalysts influences its performance? The answer to these questions is of high scientific 

value, as it may, firstly, allow to tailor the properties of hydrotalcite-like materials, which may lead to their new 

applications, and, secondly, will result in novel materials of definite, combined properties. The mentioned 

properties were until now selectively introduced into such materials. 

5.2 Long-term stability tests and catalysts regeneration 

Another important aspect of the research concerns the determination of the thermal stability and 

catalytic stability of the hydrotalcite-derived materials in long stability tests and the possibility of their 

regeneration. These tests will be performed for selected samples, which show the best catalytic performance. 

 

Fig. 11 Schematic representation of the combined DRM/hydrogenation cycles 

The catalytic stability is crucial in potential industrial applications. This is particularly important for the 

dry reforming process, where the deactivation of the catalysts due to carbon deposit formation is the main 

factor limiting the introduction of the process on industrial scale. The presented research on nickel-based 

catalysts applied in DRM showed that although the application of the second metal increased materials 

stability, the carbon species were still formed. It seems thus that the coking of dry reforming catalyst is 

inevitable. One of the possible solution to that problem might be to combine stability tests with regeneration 

cycles through hydrogenation of the carbon deposits. This method was proposed by Abdelsadek et al. [155] for 

Ni/Al hydrotalcite catalysts. The regeneration of catalyst surface by gasification of carbonaceous deposits may 

be realized via application of several gasification agents i.e. O2, CO2, CO, H2O and H2. The work of Theofanidis et 

al. [190] showed that complete gasification of coke by CO2 is not possible due to thermodynamic limitations. 

On the other hand, gasification with O2 results in oxidation of Ni species, which generates the need of catalyst 
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reduction before next dry reforming cycle. Therefore, the gasification by H2 seems to be the most beneficial 

because:  

(i) hydrogen is the product of DRM and may be recycled to the reactor for regeneration,  

(ii) hydrogen as the reducing agent may also reduce NiO species, increasing in this way catalyst 

activity, and  

(iii) the product of coke hydrogenation is methane, which may be recycled to the reactor for dry 

reforming cycle or burnt in order to power endothermic DRM.  

The schematic representation of the DRM/regeneration cycles is shown in Fig. 11. Since there is very 

few studies on this subject, the research in this area will greatly increase the knowledge about regeneration of 

DRM catalysts and may contribute to the development of science in the field of new (novel) materials. 
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