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Abstract:



Nickel-containing hydrotalcite-derived materials have been recently proposed as promising materials for methane dry reforming (DRM). Based on a literature review and on the experience of the authors, this review focuses on presenting past and recent achievements on increasing activity and stability of hydrotalcite-based materials for DRM. The use of different NiMgAl and NiAl hydrotalcite (HT) precursors, various methods for nickel introduction into HT structure, calcination conditions and promoters are discussed. HT-derived materials containing nickel generally exhibit high activity in DRM; however, the problem of preventing catalyst deactivation by coking, especially below 700 °C, is still an open question. The proposed solutions in the literature include: catalyst regeneration either in oxygen atmosphere or via hydrogasification; or application of various promoters, such as Zr, Ce or La, which was proven to enhance catalytic stability.
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1. Introduction


Our worldwide natural gas consumption increases yearly, i.e., in 2014, 12.9 Gtoe were consumed, which is 22.5% higher with the respect to the year 2004. Only in the last year, an increase of 1% in natural gas consumption has been observed [1]. This trend is predicted to develop even faster, since natural gas is the cheapest fossil fuel and possess the highest H/C ratio, contributing to lower CO2 emissions with respect to other fossil fuels [2]. Nevertheless, CO2 is still emitted in the energetic utilization of natural gas, e.g., 6.9 Gt of CO2 were emitted only in 2013, accounting for ca. 22% of total CO2 emissions [3]. Natural gas and carbon dioxide are therefore closely connected. Finding an appropriate solution to ease the environmental impact of these two gases is crucial for sustainable development in view of a low-carbon dioxide economy, and stays in line with international agreements and policies [4,5,6,7]. One of the routes considering the simultaneous energetic valorization of methane and CO2 is dry reforming of methane (DRM, Equation (1)).


CH4 + CO2 ⇌ 2CO + 2H2    ΔH° = 247 kJ/mol



(1)







The first investigations concerning the transformation of CO2 and CH4 into synthesis gas were reported in 1888. The process was further studied by Fischer and Tropsch in 1928 [8]. Although DRM is not quite a new concept, the dry reforming reaction has again gained considerable attention in our days, due to the possibility of utilizing two greenhouse gases for the production of a very valuable mixture of H2 and CO—a building block for the production of synthetic fuels and chemicals. Moreover, DRM can be used as a way of valorizing natural gas fields containing high amounts of CO2, whose extraction is currently economically unprofitable. The concentration of CO2 in such gas fields can vary from a few percent up to even 70%, as reported for a natural gas field in Indonesia [9]. The studies carried out by Suhartanto et al. [9] confirmed the feasibility of using DRM technology for the energetic valorization of this field, which contains ca. 1320 billion cubic meters of gaseous hydrocarbons. Another possibility is the use of dry reforming in exothermic-endothermic reaction cycle systems for transport and storage of energy using the waste heat from renewables or nuclear energy to power endothermic reactions [10,11,12], as depicted in Figure 1.


Figure 1. Chemical energy storage concept, using heat from renewables or nuclear and dry reforming of methane (DRM) and methanation as energy carriers.
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The industrial applications of dry reforming are thus far limited to a combination of steam and dry reforming reactions. The addition of CO2 into the feed allows a more accurate control of product distribution, i.e., generally resulting in lower H2/CO molar ratios. Depending on their application, the different processes differ in operating parameters and feed composition (e.g., SPARG–Sulfur Passivated Reforming or CALCOR–CO through CO2 Reforming processes) [13,14,15,16,17]. Their main goal is, however, to adjust syngas quality to the needs of its subsequent use, and not the valorization of CO2 itself. The particular conditions needed for DRM, are a direct consequence of its thermodynamic and kinetic barriers and hinder its practical industrial application. The commercialization of DRM process for syngas production and CO2 valorization is yet dependent on the offer of a new active and stable catalyst.



During the last few decades, great efforts have been undertaken to develop 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 materials, since DRM is carried out at a rather high temperature; and/or (iii) oxidation of metallic active sites. The use of different types of materials as catalyst supports, promoters and preparation methods can lead to overcoming these problems.



In general, transition metals belonging to 8, 9 and 10 groups of the periodic table are active materials for a DRM reaction. Despite the better performance of noble-metal-based catalysts, most of the reported research currently focuses on nickel-based systems, since Ni is much cheaper and more available [18]. In comparison to other non-noble metals such as Fe or Co, nickel-based catalysts are less prone to coking [19]. The research on Ni-based catalysts is currently dedicated mainly to increasing their stability. The high endothermicity of dry reforming of methane requires high temperatures (800–1000 °C). This unavoidably leads to the sintering of nickel particles, since its Tammann temperature is equal to 600 °C [20]. Moreover, deactivation is substantially accelerated as a consequence of carbon deposition, since carbon-forming reactions are thermodynamically favoured in the same temperature window and proceed more easily on large nickel crystallites [21]. Several approaches have been therefore proposed in order to increase the stability of Ni-based catalysts [22], such as:

	(i)

	
Employing an appropriate preparation method in order to control Ni crystal size and thus inhibit coke growth.




	(ii)

	
Using metal oxides with strong Lewis basicity as supports or promoters, since basic sites enhance CO2 adsorption. Metal oxides can promote the oxidation of carbon deposits (i.e. via the reverse Boudouard reaction), but, on the other hand, the supports exhibiting Lewis acidity enhance formation of coke deposits.




	(iii)

	
Addition of a second metal, i.e., a noble metal, which may enhance the transport of hydrogen and/or oxygen between active sites and support by spillover, and can influence the mechanism of coke formation. Addition of promoters, such as Ce, Zr or La, in the aim of modifying the selectivity of the DRM process and/or enhancing the gasification of the carbon deposits.




	(iv)

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




	(v)

	
Changing reaction conditions by the addition of oxidizing agents, such as water or oxygen, which can help oxidize carbon deposits.









Different supports have been considered in the preparation of Nickel-based catalysts for DRM, such as single oxides (Al2O3 [23,24], MgO [25,26], CeO2 [27], ZrO2 [28], SiO2 [20,29]); ordered mesoporous silicas (SBA-15 [30], La2O3 [31], TiO2 [32]), mixed oxides (MgO-Al2O3 [33,34,35], CeO2-ZrO2 [36], CeO2-Al2O3 [37]); zeolites (zeolite Y, zeolite A, zeolite X, ZSM-5) [38]; clays (clinoptolite [39], diatomite [40], vermiculite [41], montmorlonite [42]); and carbon-based materials (carbon nanotubes, activated carbon) [43].



Alumina is one of the most commonly studied supports for nickel catalysts [18,21]. It is relatively cheap and offers high specific surface area, basic character and its α-Al2O3 phase possesses high thermal stability. However, the catalytic properties of Ni/Al2O3 catalyst in DRM reaction and its resistance to carbon formation depend on the catalyst structure, composition, calcination conditions and preparation method.



Beccera et al. [23] studied the influence of calcination temperature on the 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 the same time, the formation of spinel phase increased catalyst resistance to coke formation. As explained by Hu et al. [21] this was the result of strengthening of the Ni-O bond in NiAl2O4 with respect to NiO crystal, thus increasing the difficulty of Ni2+ reduction to Ni°, and resulting in the formation of smaller nickel crystallites on the surface. Similar results were reported by Chen and Ren [44]. Bhattacharyya and Chang [45] also reported that NiAl2O4 catalysts prepared through co-precipitation exhibited higher activity and much more stable performance than Ni/Al2O3 prepared by physically mixing of NiO and α-Al2O3 powders. They claimed that this was due to the formation of a crystalline alpha-alumina phase in the Ni/Al2O3 catalyst. Kim et al. [24] compared the catalytic performance of Ni/γ-Al2O3 and Ni supported on alumina aerogel prepared by a sol-gel method. The preparation method influenced the morphology and size of metal particles distributed on catalyst surface. The catalyst prepared using the alumina aerogel exhibited very high specific surface area, high porosity and narrow distribution of nickel particle size. The impregnation of γ-Al2O3 with the Ni precursor led to irregularly distributed and larger-sized Ni particles. All these facts strongly influenced the catalytic performance of these materials in DRM. Ni supported on alumina aerogel was stable up to 30 h time-on-stream (TOS) and its activity was comparable to a reference 5 wt % Ru/Al2O3 catalyst. On the other hand, the catalyst prepared through impregnation lost its catalytic activity during the first 4–5 h 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 7 nm, and thus coking was unavoidable for the Ni/Al2O3 catalyst prepared by the impregnation method, exhibiting bigger and less dispersed particles. Additionally, due to the weak metal-support interactions, sintering of active phase occurred during the DRM reaction for such catalysts. A different approach was applied by Baktash et al. [46], who prepared the “inverse catalyst.” Aiming at stabilizing the structure and inhibiting sintering of active Ni crystallites, they coated a NiO nanopowder with a thin layer (around few nm) of porous alumina via an atomic layer deposition technique. This NiO powder covered with alumina layers showed stable CH4 conversion of ca. 80% at 800 °C for up to 12 h TOS. The catalytic activity decreased with increasing alumina layer thickness. Additionally, alumina coating prevented the sintering of active phase leading to decreased coking with respect to the uncoated catalyst. Thus, in the case of alumina-supported catalysts, the type of alumina used and the preparation method can considerable influence the catalytic behaviour of the resulting material, its activity, selectivity and durability in DRM. Moreover, the amount of Ni loaded further determined this interaction and the catalytic performance of these materials. Furthermore, calcination and pre-treatment conditions must be taken into account, not only in the case of alumina-supported catalysts.



Magnesia is another widely studied support for DRM nickel-based catalysts. The high Lewis basicity of MgO has a beneficial effect, since CO2 adsorption is enhanced on basic supports. Another advantage of using MgO as a support for the preparation of DRM catalysts arises from the possibility of forming a NiO-MgO solid solution at any molar ratio due to the similar anion radii of Mg and Ni cations (Mg2+ 0.065 nm, Ni2+ 0.072 nm [26]) and the particular lattice parameters of this mixed oxide structure. The formation of this mixed oxide phase results in increased metal-support interaction, and thus prevents catalyst deactivation via sintering.



The effect of nickel loading on (111) magnesia nano-sheets was studied by Lin et al. [25]. The stability and activity reported were closely related to Ni loading. The catalytic activity in DRM increased with Ni loading up to 10 wt % and then decreased with a further increase in Ni content. The stability for the catalyst containing the highest amount of Ni, i.e., 50 wt %, was very poor. Similar results were reported by Zanganeh et al. [47,48]. In both studies, the best performance was registered for 10 wt % Ni/MgO catalysts, which was attributed to the higher basicity of the studied materials, together with the formation of small nickel crystallites leading to stronger metal-support interaction. 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 the lowest nickel loading (2 wt %) showed decreased CH4 and CO2 conversions, which was ascribed to the sintering of the Ni phase or to the oxidation of Ni species. At the same time, insignificant amounts of coke were present on the surface of the spent catalysts. Jafarbegloo et al. [26] also stated that a MgO-supported catalyst loaded with 10 wt % Ni and prepared via one-pot sol-gel/evaporation method exhibited enhanced catalytic performance with respect to other catalysts loaded with higher or smaller amounts of Ni. The results presented in ref. [25,26,47,48] evince that CO2 conversions were higher than CH4 conversions at every stage within the whole temperature range considered i.e., 600–850 °C, pointing to the occurrence of the reverse water-gas shift (RWGS) reaction in the presence of MgO-supported catalysts. This in turn results in a decrease in the H2/CO molar ratio in the products of the DRM reaction. However, in the experiments carried out by Jafarbegloo et al. [26], an excess of H2 production was observed, clearly indicating that the method of catalyst preparation still influences the occurrence of side reaction and thus the distribution of the obtained products. MgO is therefore a prospective support for the preparation of Ni-based catalysts for DRM. However, special attention must be paid to Ni loading, and to the method chosen for Ni incorporation, since, together with calcination and pre-treatment conditions, these facts can influence the final Ni crystal size, the interaction of this Ni phase with the MgO support, i.e., the formation of a mixed NiO-MgO phase, and thus the final basicity of the catalysts, resulting in very different catalytic performances.



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 supports. It has been reported that the addition of MgO into a Ni/Al2O3 catalyst resulted in increased basicity [33,35], specific surface area and total pore volume [33], due to the formation of the MgAl2O4 spinel phase. The catalytic activity of Ni supported on mixed magnesia alumina depends on the support preparation method, reaction conditions and on the pre-treatment of the catalyst before DRM reaction. Min et al. [33] compared the performance of two catalysts respectively synthesized via a sol-gel and a co-precipitation method. Both catalysts showed acceptably high conversions of CH4 and CO2 and were stable for to 40 h TOS. Although the catalysts did not differ in activity, the characterization of catalyst after reaction proved the presence of Ni crystallites of larger size in the co-precipitated catalyst vis-à-vis the catalyst prepared through the sol-gel method, clearly pointing to higher deactivation extent due to Ni sintering. Therefore, as sintering proceeded, the subsequent increase in Ni crystal size resulted in a lower resistance to coke formation for the co-precipitated catalyst. The authors examined also the effect of Mg/Al molar ratio in the mixed MgO-Al2O3 support. The catalysts prepared using intermediate MgO amounts exhibited the highest activity. On the contrary, the studies carried out by Alipour et al. [34] and Xu et al. [35] demonstrated that only a small addition of MgO (up to 5 wt %) to Ni/Al2O3 enhanced its stability and activity. The influence of the Mg/Al molar ratio on these mixed oxide supports, in addition to catalytic activity and selectivity, remains unclear, probably as a consequence of the simultaneous influence of other important parameters, such as Ni loading, preparation method or the conditions chosen for calcination and pre-treatment.



The preparation of mixed Mg(Al)O phases as well as of nickel catalysts based on these materials may be also realized by means of the thermal decomposition of hydrotalcite-like mixed layered hydroxides. This kind of catalyst has recently been presented in the literature as very promising for DRM, showing high activity and enhanced stability. The present paper reviews the performance of the various Ni-containing hydrotalcite-derived catalysts in dry reforming of methane, reported thus far in the existing literature. The influence of Ni content, Mg/Al ratio, preparation method and pre-treatment conditions will be carefully compared and evaluated.




2. Hydrotalcites


Hydrotalcite is a naturally occurring layered mineral, discovered in Sweden in 1842, of chemical formula: Mg6Al2(OH)16CO3·4H2O [49]. The name hydrotalcite comes from its resemblance with talc (Mg3Si4O10(OH)2), and from the high water content of this mineral. Similar to talc, the hydrotalcite mineral can be easily crushed into a white powder. Hydrotalcite occurs in nature in foliated and contorted plates and/or fibrous masses [49]. 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 a divalent or trivalent cation is placed in the center of an octahedron and six OH− groups are placed in the corners of the octahedron (Figure 2). As with brucite, octahedral units are linked by edges, forming in this way parallel layers. Depending on the arrangement of the layers, the hydrotalcite structure may have rhombohedral or hexagonal symmetry, in which the unit cell is built up from three and two hydrotalcite layers, respectively. For both naturally occurring and synthetic hydrotalcites, the rhombohedral symmetry is generally more common [49,50,51,52].


Figure 2. The octahedral unit of brucite-like layers in an hydrotalcite structure.
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In the hydrotalcite brucite-like layers, a part of the divalent magnesium cations has been isomorphously replaced by trivalent aluminium cations. Such substitution is possibly due to the similar ionic radii of Mg2+ and Al3+. 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 [49,50,51,52]. A schematic representation of hydrotalcite structure is presented in Figure 3.


Figure 3. Schematic representation of the hydrotalcite structure.
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Shortly after the discovery of hydrotalcites, 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 that possess the typical layered structure of hydrotalcite. The general formula of such compounds can be represented as [50]:


[M2+1−xM3+x(OH)2][(An−x/n)·mH2O]



(2)




where M2+, M3+ are di- and tri-valent cations; A—interlayer anions; and x—mole fraction of trivalent cations. The part [M2+1−xM3+x(OH)]2 describes the composition of brucite-like layers and [(An−x/n)·mH2O] describes composition of interlayer spaces.



As reported in the literature and briefly summarized within the introduction of this review, 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 the Ni phase and its carrier, thus preventing sintering of active material and at the same time avoiding the formation of inactive phases, such as 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 methane and CO2 conversions reported for several Ni-based catalytic systems, including hydrotalcite-derived materials are presented in Figure 4. 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 possible to conclude from Figure 4 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. 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 types 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.


Figure 4. 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 [23], Ni/Al2O3-2 [24], Ni/MgO-1 [25], Ni/MgO-2 [26], Ni/MgO-Al2O3 [33], Ni/CeO2 [27], Ni/ZrO2 [28], Ni/CeO2-ZrO2 [36], Ni/SiO2 [20,29], Ni/SBA-15 [30], Ni/clinoptilolite [39], Ni/AC [43]; Blue symbols—hydrotalcite-derived catalysts: NiMgAl-HT1 [53], NiMgAl-HT2 [54], NiMgAl-HT3 [55]; NiMgAl-HT4 [56]; NiMgAl-HT5 [57], NiMgAl-HT6 [58], NiMgAl-HT7 [59], NiMgAl-HT8 [60], NiAl-HT [61].
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3. Catalytic Activity of Hydrotalcite-Derived Materials in Dry Reforming of Methane (DRM)


3.1. Ni/Mg/Al and Ni/Al Hydrotalcite-Derived Catalysts


The substitution of a part or all of Mg2+ cations by Ni2+ in the Mg/Al-CO3 hydrotalcite structure results already in a catalytic system that, upon calcination, can be used in dry reforming. Table 1 contains a summary of the different DRM catalysts prepared from Ni/Mg/Al and Ni/Al hydrotalcites.



Table 1. Different Ni/Mg/Al and Ni/Al hydrotalcite-derived catalytic materials tested in DRM and reported in the existing literature.







	
Type of Catalyst

	
Method of Hydrotalcite Synthesis

	
Cations in HTs Layers

	
Ni/Mg or Ni Loading 1

	
M2+/M3+

	
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

	
Ni2+, Mg2+, Al3+

	
1, 0.2

	
2, 3

	
nd

	
815

	
1.25

	
720

	
250

	
70

	
52

	
1.0

	
[62]




	
NiMgAl HT

	
Co-precipitation at constant pH

	
Ni2+, Mg2+, Al3+

	
1/6

	
2.45

	
700, 900 °C for 14 h

	
750

	
1/1

	
nd

	
nd

	
29

	
50

	
nd

	
[63]




	
NiMgAl HTs

	
Co-precipitation at constant pH

	
Ni2+, Mg2+, Al3+

	
3, 6, 9, 12, 15, 18 1

	
3

	
800 °C for 5 h

	
600

	
1/1 3

	
60,000

	
25

	
41

	
50

	
0.7

	
[58]




	
NiMgAl and NiAl HTs

	
Co-precipitation at constant pH

	
Ni2+, Mg2+, Al3+

	
3, 1, 0.33, 0.18, 0.06

	
3

	
550 °C for 4 h in air

	
550

	
1/1 3

	
20,000

	
24

	
43

	
40

	
1.1

	
[64]




	
NiAl and NiMgAl HTs

	
Co-precipitation at constant pH

	
Ni2+, Al3+

	
-

	
2

	
800 °C for 6 h in air

	
750

	
1/1 3

	
3 × 105

	
8

	
68

	
90

	
0.7

	
[65]




	
NiMgAl HTs

	
Co-precipitation at constant pH

	
Ni2+, Mg2+, Al3+

	
0.5, 1, 2, 5

	
0.4, 0.9, 2

	
400, 600, 800 °C for 6 h in air

	
650

	
½ 3

	
45,000 4

	
nd

	
83

	
38

	
1.2

	
[54]




	
NiAl HT

	
Co-precipitation at constant pH

	
Ni2+, Al3+

	
63 1

	
4

	
550 °C for 4 h in air

	
550

	
2/13

	
20,000

	
4

	
48

	
54

	
2.6

	
[66]




	
NiMgAl HT

	
Co-precipitation at constant pH

	
Ni2+, Mg2+, Al3+

	
2.94

	
2

	
350, 600, 800, 1000 °C

	
900

	
32/40 3

	
nd

	
10

	
74

	
nd

	
nd

	
[67,68]




	
NiMgAl HTs

	
Co-precipitation at constant pH

	
Ni2+, Mg2+, Al3+

	
1/5, 1/3, 1

	
6, 4, 2, 2/3, 2/5

	
500 °C for 10 h in air

	
800

	
1/1

	
80,000

	
30

	
82

	
88

	
nd

	
[53]




	
NiAl HTs

	
Co-precipitation at constant pH

	
Ni2+, Al3+

	
-

	
2, 3, 5, 8, 10

	
300, 400, 500, 600, 700, 800 °C for 6 h

	
700

	
1/1 3

	
nd

	
10

	
88

	
88

	
1.0

	
[61]




	
NiAl HT

	
Co-precipitation at constant pH

	
Ni2+, Al3+

	
44 1

	
2

	
450 °C for 4 h

	
700

	
1/1 3

	
nd

	
30

	
94

	
94

	
0.9

	
[69]




	
NiMgAl HTs

	
Co-precipitation at constant pH

	
Ni2+, Mg2+, Al3+

	
1, 5, 25, 50 4

	
2

	
600 °C for 3 h in air

	
900

	
32/40 3

	
nd

	
10

	
67

	
nd

	
0.8

	
[70]








1 weight % of Ni loading; 2 results obtained for the best catalyst; 3 gases were diluted with inert gas; 4 mol % of Ni loaded; nd–no data. Note: Fixed-bed laboratory-scale reactor, except when noted within the text.








The work of Bhattacharyya et al. [62] 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 hydrotalcite-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 than 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 gas hourly space velocity (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. [63] 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 [58,64,65] testing HT-derived materials with low nickel content. On the contrary, the materials with high content of Ni in brucite-like layers were reported to promote CH4 decomposition [54,66,67,68]. Therefore, the catalytic properties of hydrotalcite-derived materials (activity, stability, promotion of side reactions) are dependent on the materials composition i.e., nickel content, Ni/Mg and Mg/Al molar ratio. This 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 may be needed in order to assess this important point.



3.1.1. 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. [53]. 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. Thus, the catalytic activity of the catalyst prepared using the highest Mg/Al ratio may have been affected by the presence of isolated MgO.



With respect to the influence of Ni loading and/or Ni/Al ratio, Touahra et al. [61] 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. Therefore, small Ni particles, i.e., around 6 nm in size, are 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. [69] 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 catalysts were pre-treated at 650 °C in pure H2 for 1 h, thus at a 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 in partial pore blockage but do not irreversibly poison the Ni active sites.



Lin et al. [58] 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 carbon 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. [54] studied the effect of the composition and the calcination temperature in the preparation of Ni/Mg/Al hydrotalcite-derived catalysts, using different M2+/M3+ and Ni/Mg molar ratios. They observed that the catalytic performance of Ni/Mg/Al hydrotalcites was mostly affected by the M2+/M3+ 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 M2+/M3+ ratio around 2, calcined at 600 °C and reduced at 700 °C. For a constant M2+/M3+ 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 M2+/M3+ ratio, i.e., an increase in Al content resulted in smaller surface areas. Two low M2+/M3+ are not sufficient 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 M2+/M3+ decreased. The selectivity in DRM was found to be influenced by both Ni/Mg and M2+/M3+ 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. [70], 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 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. [64] 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. Similar to the studies carried out by Dudder et al. [70], 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 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 and, 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.



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 relatively 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.




3.1.2. Effect of the Method of Ni Introduction into Hydrotalcite (HT) 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 [49]. Usually HTs containing monovalent anions between the rhombohedral layers (e.g., NO3−) 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 2 summarizes the hydrotalcite-derived catalysts prepared by means of these different Ni incorporation procedures, recently reported in the existing literature.



Table 2. 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

	
M2+/M3+

	
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

	
Mg2+, Al3+

	
1, 3, 5, 10, 15 1

	
nd

	
900°C for 5 h

	
750

	
1/1

	
50,000

	
10

	
85

	
96

	
0.9

	
[55]




	
NiMgAl HTs; Ni supported on MgAl HT

	
Co-precipitation at constant pH

	
Ni2+, Mg2+, Al3+

	
1/2

	
3

	
650 and 850 °C for 14 h in air

	
800

	
1/1 3

	
54,000

	
6

	
94

	
nd

	
nd

	
[71]




	
Impregnation of Ni2+ on MgAl HT

	
Mg2+, Al3+

	
25.1 1

	
3

	
92

	
nd

	
nd




	
NiMgAl HTs

	
Surfactant assisted co-precipitation

	
Ni2+, Mg2+, Al3+

	
10 1

	
3

	
700 °C for 6 h

	
800

	
1/1

	
60,000

	
35

	
47

	
62

	
nd

	
[72]




	
Ni introduced into MgAl HTs

	
Co-precipitation in [Ni(EDTA)]2-

	
Mg2+, Al3+

	
-

	
3

	
500 °C for 16 h in air

	
800

	
1/1 3

	
nd

	
150

	
98

	
95

	
1.0

	
[73]




	
Ni introduced into MgAl HTs and NiMgAl HTs

	
Co-precipitation in [Ni(EDTA)]2–

	
Mg2+, Al3+

	
1/7

	
3.5

	
500 °C for 16 h in air

	
800

	
1/1 3

	
nd

	
6

	
97

	
95

	
1.0

	
[57]




	
Anion exchange

	
Mg2+, Al3+

	
1/11

	
3.3

	
97

	
95

	
1.0




	
Reconstruction

	
Mg2+, Al3+

	
1/11

	
3.6

	
97

	
94

	
1.0




	
Co-precipitation

	
Ni2+, Mg2+, Al3+

	
1/5

	
2.5

	
98

	
96

	
1.0




	
NiMgAl HTs

	
Sol-gel method

	
Ni2+, Mg2+, Al3+

	
4, 15, 19 1

	
nd

	
500, 650 °C for 5 h

	
800

	
1/1 3

	
2.94 × 10−5

	
8

	
96

	
94

	
nd

	
[56]




	
NiMgAl HTs

	
Sol-gel method

	
Ni2+, Mg2+, Al3+

	
15 1

	
0.25–19

	
750 °C for 5 h in air

	
800

	
1/1 3

	
36,000

	
40

	
84

	
89

	
nd

	
[33]




	
Co-precipitation at constant pH

	
Ni2+, Mg2+, Al3+

	
2

	
84

	
89

	
nd




	
NiAl HT and Ni supported on MgAl HT

	
Co-precipitation at constant pH

	
Ni2+, Al3+

	
63 1

	
4

	
550 °C for 4 h in air

	
550 °C

	
2/1

	
20,000

	
1

	
48

	
57

	
2.7

	
[74]




	
Adsorption of [Ni(EDTA)]2−

	
Mg2+, Al3+

	
0.8 1

	
3

	
25

	
38

	
1.6




	
NiMgAl HTs

	
Co-precipitation at constant pH

	
Ni2+, Mg2+, Al3+

	
10 1

	
1.5–9

	
800 °C for 3 h

	
800

	
1/1

	
nd

	
4

	
86

	
87

	
nd

	
[75]




	
NiMgAl HTs

	
Co-precipitation at constant pH

	
Ni2+, Mg2+, Al3+

	
10 1

	
3

	
500–800 °C for 6 h

	
800

	
1/1

	
8000

	
2000

	
92

	
95

	
0.9

	
[76]








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.








Guo et al. [55] 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 [33,34,35], already discussed within the introduction to this review, already evidence the advantages of using MgAl2O4 spinels as supports in the preparation of Ni-contained catalysts for DRM.



Shishido et al. [71] 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) 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. [72] 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 X-ray diffraction (XRD) and high resolution transmission electron microscopy (HRTEM), i.e., fast Fourier transform (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. [73] 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.



In a subsequent work, Tsyganok et al. [57] compared the DRM catalytic performance of Ni-containing hydrotalcite-derived catalysts prepared following different routes, such as: co-precipitation of Mg2+ and Al3+ with pre-synthesized [Ni(EDTA)]2− complexes; anion exchange reaction of NO32− 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 Ni2+, Mg2+ and Al3+ with CO32−. 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. [74] 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.




3.1.3. 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 [77]: (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). 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 [49,77,78,79,80]. 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 [50].



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 hydrotalcite materials [49]. Upon further heating, the periclase-like structure of the mixed oxides may undergo further structural changes, leading to the formation of a 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 [50]. 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 3.



Table 3. The effect of calcination temperature on hydrotalcite (HT)-derived materials in dry reforming of methane (DRM).







	
Type of Catalyst/Method 1

	
Calcination Conditions 2

	
Effect of Calcination Temperature

	
Ref.






	
NiAl HT/CP

	
300, 400, 500, 600, 700 and 800 °C for 6 h

	
Calcination temperature <500 °C has minimal effect of activity; Increase in calcination temperature resulted in increased activity and stability

	
[61]




	
NiMgAl HT/CP

	
400, 600, 800 °C for 6 h

	
Calcination temperature had a small influence on the activity and selectivity

	
[54]




	
NiMgAl HTsSG

	
500, 650 °C for 5 h

	
Moderate calcination temperatures prevent formation of spinel phase. Higher calcination temperature resulted in the increased stability

	
[56]




	
NiMgAl HT/CP

	
500, 600, 700, 800 °C for 6 h

	
No significant effect of calcination temperature on performance in DRM was observed

	
[76]




	
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

	
[67,68]








1 Method of HT synthesis: CP-co-precipitation; SG-sol-gel method; 2 Calcination in air.








Thouahra et al. [61] 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. [54] 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. [76], 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. [56] 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. [67,68] investigated performance of Ni/Mg/Al hydrotalcite-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.





3.2. Effect of the Addition of Different Promoters


3.2.1. Ce Promotion


Ceria is well known for its high oxygen storage capacity linked to the redox transformation between Ce3+ and Ce4+ [36,81]. 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 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 4.



Table 4. 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 Content (wt %)

	
Calcination Conditions

	
Ref.






	
Co-precipitation in solution of Na2CO3, [Ce(EDTA)]− or [Ni(EDTA)]2−

	
At co-precipitation stage in form of Ce3+ cations or [Ce(EDTA)]−

	
1/2

	
5

	
500 °C for 16 h in air

	
[82]




	
Co-precipitation at constant pH

	
Reconstruction method with solution of [Ce(EDTA)]−

	
2

	
0, 1, 3, 5, 10

	
500 °C for 16 h in air

	
[83]




	
Co-precipitation at constant pH

	
Reconstruction method with solution of [Ce(EDTA)]−

	
2

	
0, 1, 3, 10

	
500 °C for 16 h in air

	
[60]




	
Co-precipitation at constant pH

	
At co-precipiatation stage in form of Ce3+ cations

	
2

	
24, 9, 4, 1,5 1

	
500 °C for 16 h in air

	
[59]




	
Co-precipitation at constant pH and self-combustion method

	
Reconstruction method with solution of [Ce(EDTA)]−

	
2

	
3

	
500 °C for 16 h in air

	
[84]




	
Co-precipitation at constant pH

	
At co-precipitation stage in form of Ce3+ cations and by impregnation

	
20 2

	
1–10 1

	
500 °C for 4 h

	
[86]




	
Co-precipitation at constant pH

	
Adsorption from the solution of [Ce(EDTA)]−

	
0.6 2

	
1.15

	
550 °C for 4 h

	
[88]




	
Co-precipitation at constant pH

	
Adsorption from the solution of [Ce(EDTA)]−

	
1/3

	
3.7

	
550 °C for 4 h

	
[87,89]




	
Co-precipitation at constant pH

	
At co-precipiatation stage in form of Ce3+ cations

	
10, 25 2

	
5

	
650 °C for 5 h

	
[85]








1 Al/Ce molar ratio; 2 weight % of Ni, otherwise Ni/Mg ratio refers to the ions.








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 [82], Ce loading [59,60,83] and the general hydrotalcite preparation procedure [84]. 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)]− [82]. 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 5 nm), in the presence of Ce and especially for catalysts prepared in the presence of [Ni(EDTA)]2− complexes.



Daza et al. [83] 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. [85]. 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 % [60]. 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 [59]. 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 additional 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.



Recently, Ce-promoted Ni/Mg/Al hydrotalcite-derived catalysts have been as well considered by Ren et al. [86], 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 with the higher content of Ce3+ 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. [83], who also reported that high loading of ceria may have a 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. [87] proposed a method of Ce addition into HT 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 catalysts, which 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 [88], 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 a stoichiometric syngas as reaction product, in comparison to the non-promoted catalyst.




3.2.2. Other Promoters


The use of different promoters of NiMgAl hydrotalcite-derived catalysts other than cerium has been reported in the literature of the last few years. Table 5 contains a summary of these published works, the promoter used and the results observed upon their addition to the hydrotalcite-derived catalysts.



Table 5. Effect of different promoters on the performance of NiMgAl hydrotalcite-derived catalysts for 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

	
[90]




	
La

	
NiMgAl-HT

	
1.1, 2/CP

	
Increased stability and decreased activity

	
[91,92]




	
La

	
NiMgAl-HT

	
0, 1, 2, 4/CP

	
Increased activity, selectivity and stability

	
[93]




	
La

	
10 wt % Ni impregnated on MgAl-HT

	
10/IMP

	
Increased reducibility of Ni; promotes carbon formation

	
[94]




	
Rh

	
1/IMP




	
CeZrO2

	
NiMoMgAl-HT

	
0, 5, 10, 15, 20/CP

	
Increased catalyst activity; promotes reducibility of Ni

	
[95]




	
Ru

	
5 wt % Ni supported on MgAl-HT

	
0.1/RE

	
Inhibits sintering; increased activity and stability

	
[96]




	
Co

	
NiMgAl and NiCoMgAl-HTs

	
1, 4 3/CP

	
Increased activity and stability

	
[97]




	
Co

	
NiCoMgAl-HTs

	
2.76–12.9/CP

	
nd 4

	
[98]




	
Zr

	
NiMgAl-HT

	
3/CP

	
Decreased reducibility; formation of small Ni crystallites; increased stability

	
[89]








1 Preparation methods: IMP—Impregnation; CP—Co-precipitation; RE-reconstruction in the solution of [Mn+(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. [90] 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. [91,92]. 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. [93], 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. Through 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.



Lucredio et al. [94] 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 promoter 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. [96]. 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 also 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. [95] 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 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 Ce4+/Ce3+ contributes to the oxidation of carbon deposits at temperatures higher than 900 °C, in agreement with the results about Ce promotion discussed previously in this review. No details are provided, however, regarding the role of Mo in this bimetallic catalyst.



Long et al. [97] 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 X-Ray Diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS), Transmission Electron Microscopy (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. [98] 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 an 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. [95] considered the simultaneous use of Ce and Zr as promoters. Dębek et al. [89] also considered the utilization 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 results obtained in the DRM experiments are summarized in Figure 5. The characterization of the materials evidenced that Ce species were present as a separate phase on the material surface, while Zr4+ 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 5 h of DRM reaction at 550 °C (Figure 5C). Carbon nanotubes were formed upon direct methane decomposition on Ni-containing catalysts.


Figure 5. The results of DRM catalytic tests over Ce- and/or Zr-promoted catalysts: (A) CH4 and CO2 conversion (B) product distribution and (C) results of thermogravimetric measurements for spent catalysts. Adapted from [89].
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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 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 HT brucite-like layers. Zr promotion seems to be the guarantee of a stable DRM HT-derived catalyst. However, further research in this area is still needed.






4. 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 M2+/M3+ 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 catalysts showed 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 material 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 the 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 C-forming side reactions. Very promising results were obtained for hydrotalcite-derived catalysts containing Zr species in the brucite-like layers. Further research is, however, essential in order to obtain stable and active catalysts, which will enable commercialization of the DRM process for chemical valorization of CO2.
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