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A B S T R A C T   

Ni/Mg/Al mixed oxides have been prepared by decomposing corresponding layered double hydroxides of the 
hydrotalcite family. XRD, FTIR and UV–vis–NIR analyses show that prepared materials are constituted by a rock- 
salt type Mg1− xNixO solid solution with Al3+ in tetrahedral interstices of the cube close packing of oxide anions. 
When activated at sufficiently high temperature, they convert into optimal size supported Ni metal catalysts 
which show very active and selective for CO2 methanation. Catalytic data show that these materials are more 
active at low temperature than Ni/γ-Al2O3 catalysts, with a comparable enhanced activity with respect to Ni/ 
La2O3-Al2O3 ones. A role of basic oxides as activating components can be envisaged and related to the strength of 
the adsorption of CO2 on the “support” likely forming surface (bi)carbonates as active species. Activation en-
ergies and reactions orders have been calculated by flow reactor studies in differential reactor conditions. IR 
spectroscopy data show that carbon dioxide adsorbs on the reduced catalyst in the form of hydroxycarbonates, 
that convert at higher temperature in carbonates and strongly adsorbed linear and bridging carbonyl species on 
metallic nickel. The formation of surface CHx species is also evident.   

1. Introduction 

In recent years, the methanation of CO2 with green hydrogen 
received much attention being a potential way to reuse carbon dioxide, 
with a reducing effect on greenhouse gas emissions [1–4]. Even though 
ruthenium-based catalysts extremely active for this reaction, nickel 
gained high consideration for its remarkable activity, selectivity 
robustness, and its natural abundance together with limited costs. Being 
γ-alumina the most applied support for such catalytic materials, it is 
however well known that the activity and stability of Ni/γ-Al2O3 can be 
significantly modified by adding additional components, aiming at an 
improved stability and limited deactivation. As an example, it has been 
found that the addition of silica to the alumina support successfully 
stabilizes Al2O3, but it decreases the catalytic activity of Ni/SiO2-γ-Al2O3 
in CO2 methanation reaction [5], while lanthanum species addition [6] 

improves both stability and catalytic performances even in the presence 
of SiO2, as alumina modifier [7]. Thus, the modification of support 
acido-basicity is certainly involved in such phenomena and proper 
tailoring is an open challenge for optimal catalytic performances. Recent 
advances in lanthanides modification of Ni-based catalysts have been 
extensively reviewed [8], together with commercial and pilot plant 
catalysts. 

Thus, to try to further increase low-temperature activity of such 
catalysts, we tested catalysts also containing magnesia, typically a basic 
surface component. To produce high-surface-area bivalent/trivalent 
cations mixed oxides catalytic precursors, hydrotalcite-like layered 
double hydroxides can be conveniently prepared. This methodology, 
first described in the scientific literature by J. Ross for the preparation of 
Ni/Al2O3 catalysts [9], allowing to prepare homogeneous series of cat-
alytic precursor materials characterized in a large compositional range 
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of spinel/rock salt NiO/NiAl2O4/Al2O3 solid solutions [10,11], and well 
characterized Ni/Mg/Al mixed oxide samples [12]. This methodology 
was later largely developed by Angelo Vaccari and his coworkers [13, 
14] for the synthesis of many different and complex catalytic systems. 
Indeed, ex-hydrotalcite Mg-Al oxides constitute surface basic solids [15] 
which act, as shown by Vaccari et al., as robust and activating supports 
for many metallic catalysts [16–18]. 

Ni-Al and Ni-Mg-Al hydrotalcite have been recognized as suitable 
precursor for CO2 hydrogenation [19–22] and their possible application 
has been recently reviewed [23], even though, to best of our knowledge, 
mechanisms and experimental kinetics are apparently lacking for low 
Ni-loading Mg hydrotalcite derived catalysts. 

In the present work the characterization of Ni- over Mg/Al mixed 
oxide catalytic materials and their precursors, in relation to their cata-
lytic activity in the CO2 hydrogenation at atmospheric pressure will be 
presented, shading light on the effect of prereduction, mechanism and 
kinetic evaluation. 

2. Experimental 

Optimized coprecipitation technique was used to synthetize the Ni/ 
Mg/Al layered double hydroxide (LDH) precursors [24,25]. To do so, Ni 
(NO3)2⋅6 H2O (99 %, Sigma Aldrich), Mg(NO3)2•6 H2O (99 %, Sigma 
Aldrich) and Al(NO3)3•9 H2O (99 %, Sigma Aldrich) were dissolved in 
water (2.0 M) and these solutions were slowly added to the aqueous 
solutions containing Na2CO3 (1.0 M) at 333 K and pH 10. During the 
addition the pH was kept at 10.0 ± 0.5 by addition of a 3.0 M NaOH 
aqueous solution. The molar ratio of the Ni, Mg and Al precursors was 
modified for the two samples as shown in Table 1, while using a constant 
Na2CO3/Al(NO3)3•9 H2O molar ratio equal to 2. The obtained suspen-
sions were stirred for 45 min (at 333 K), and the solids were recovered 
by filtration and washed with deionized water (washing volume = 2 L). 
The obtained compounds were dried at 343 K for 18 h, then grinded to 
yield the LDH powders. Obtained materials were calcined at 923 K for 
12 h with a ramp of 10 K/min ramp to yield the corresponding Ni/Mg/Al 
mixed oxides. 

2.1. Characterization of the catalytic materials 

Powder X-ray diffraction (XRD) analysis was carried out using a 
Philips PW1050/81 diffractometer. The instrument had a graphite 
monochromator in the diffracted beam which was associated with a 
PW1710 unit (Cu Kα, λ = 0.15418 nm). The analysis was performed at 
0.1◦/s, in the 2θ range from 5◦ to 80◦. 

A Micromeritics ASAP 2020 instrument was used to investigate 
surface area (derived with BET method), as well as pore volume and 
diameter. N2 adsorption-desorption isotherms were determined at 77 K. 
Before the analysis, the samples were pretreated to eliminate eventual 
impurities. The sample was heated up at 423 K and 30 mmHg (30 min at 
this temperature) and finally heated up to 523 K and kept at this tem-
perature for 30 min, in order to eliminate all the impurities that can be 
absorbed on the surface of the sample. 

FT-IR spectra of fresh catalysts and pure supports were collected with 
a Nexus Thermo Fisher instrument with 100 scans and spectra resolution 
of 2 cm− 1. A pressed disk with 1 wt% of sample KBr to a total weight of 
1.00 g was used for skeletal spectra analysis. 

Diffuse Reflectance UV–visible-near infrared (DR-UV–vis–NIR) 
spectra of fresh catalysts were collected with a V570 instrument (JASCO 
Corp., Tokyo, Japan) equipped with an integrating sphere. The sample 

has been gently pressed in the sample holder without other treatments. 
The reducibility properties of the catalyst were studied using Tem-

perature Programmed Reduction (TPR) in a Micromeritics Autochem II 
Chemisorption Analyzer equipped with a TCD detector. Before TPR 
measure, the samples were pre-treated in He (30 mL/min) at 423 K (for 
30 min). After cooling the sample to 323 K, the TPR analysis was started 
by flowing a 5 % (v/v) H2/Ar mixture (30 mL/min) and increasing the 
temperature at a rate of 10 K/min from 323 K to 1123 K. Finally, the 
sample was kept at 1223 K for 30 min, then cooled down under He flow. 

The same Micromeritics Autochem II Chemisorption Analyzer in-
strument was used to investigate the base properties of the samples by 
CO2 temperature programmed desorption (TPD). A pretreatment in He 
at 673 K for 45 min was carried out, then the temperature was decreased 
to 373 K under He. The sample was firstly saturated with a flux of CO2 10 
% (v/v) in He (30 mL/min for 1 h) and then purged with pure He (30 
mL/min) for 1 h to remove physisorbed CO2. Desorption measurements 
were performed up to 773 K with a ramp of 10 K/min. 

CO adsorption was performed at 140 K by the introduction of a 
known dose of the gas (6 torr) inside the low temperature infrared cell 
containing the previously activated wafers, by reduction at 773 K for 1 h 
and a H2 pressure of 300 torr. IR spectra were recorded during evacu-
ation upon warming at increasing temperatures between 140 K and 673 
K. 

2.2. Catalytic experiment 

Catalytic experiments were carried out in a tubular fixed-bed silica 
glass reactor, loaded with 88 mg of catalyst and 700 mg of silica particles 
(60–70 mesh). 80 NmL/min of gaseous reactant mixture, with H2/CO2 
ratio of 5 in diluted condition with nitrogen, were fed to the reactor, by 
keeping a GHSV of 55,000 h− 1. The reaction temperature was varied 
step by step from 523 to 773 K (ascending temperature test) and from 
773 to 523 K (descending temperature test) to evaluate a possible 
catalyst deactivation. The product stream composition was analyzed at 
each temperature by using a gas chromatograph, model 4890 (Agilent 
Technologies, Santa Clara, CA, USA), with FID and TCD detectors. The 
instrument is equipped with a Varian capillary column, model Molsieve 
5 A/Porabond Q Tandem (Agilent) and helium (purity > 99.9 %) is used 
as a carrier gas. 

The flow rate of the product was estimated at each temperature step 
in order to evaluate CO2 conversion (XCO2), products yield (Yi, with i =
CO, CH4) and selectivity (Si, with i = CO, CH4) ad shown in Eq. (1), Eq. 
(2), and Eq. (3), respectively. 

XCO2 =
FCO2in − FCO2out

FCO2in
(1)  

Yi =
Fi

FCO2in
(2)  

Si =
Fi

FCO2in − FCO2out
(3) 

In order to evaluate the effect of catalyst pre-reduction temperature, 
sample A has been reduced in situ under reducing environment (20 % H2 
and 80 % N2, total flow rate 80 NmL/min) at 773 and 923 K for 3 h with 
a heating ramp of 25 K/min. Then, sample B has been pre-reduced at the 
best condition found out for sample A. 

Kinetic aspects have been evaluated on the catalyst (88.1 mg of 
catalyst diluted with 700 mg of silica glass) pre-reduced and tested at 
the conditions previously reported. The estimation of apparent activa-
tion energies, by using Arrhenius plot, was evaluated by performing the 
CO2 methanation reaction at 493, 508 and 523 K, where the conversion 
values are under kinetic control. The evaluation of CO2 reaction order 
was performed by varying the CO2 partial pressure (PCO2) between 0.03 
and 0.07 atm and maintaining constant the H2 one (PH2= 0.30 atm). For 
the evaluation of H2 reaction order, its partial pressure (PH2) was varied 

Table 1 
Molar composition of the LDH precursors.  

Catalyst Ni (mol%) Mg (mol%) Al (mol%) M2+/M3+ ratio 

A  24  51  25  3 
B  24  56  20  4  
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between 0.03 and 0.28 atm and PCO2 was kept constant at (0.07 atm). 
The experiment has been carried out, under the hypothesis of a differ-
ential reactor, at 493 and 523 K to assess variation in obtained reaction 
orders. 

The catalytic reaction has been also performed in static conditions in 
the IR cell using pressed disks of the pure catalyst powder after previous 
reduction in hydrogen at 337 torr and 773 K for 1 h. Then, the sample 
was put in contact with pure H2 (194 torr) at r.t. (room temperature) and 
subsequently with additional 47 torr of CO2. After gas exposure and 
collection of gas and surface spectra, the reaction temperature was 
increased step by step with the same procedure previously reported for 
catalytic experiments. At each tested temperature, IR spectra of the gas 
phase and of the catalysts were recorded in sequence. 

3. Results and discussion 

3.1. Characterization of mixed oxide catalyst precursors 

XRD analysis was carried out to probe the structure of the as- 
prepared and calcined samples. The as-prepared samples (Fig. 1) show 
the characteristic pattern of layered double hydroxides (LDH, 
hydrotalcite-like), with no other phase detected. The LDH structure is 
composed by layers of mixed hydroxides in a brucite-like structure, 
alternated with layers of carbonates anions. The layering is driven by the 
presence of Al3+ whose excess of charge in the brucite-like sheet must be 
counterbalanced by an anion (carbonate). A slight shift toward lower 2θ 
is observed by the characteristic peaks at around 11 (003), 23 (006) and 
35 2θ (009), when the M2+/M3+ ratio is increased. This shift has been 
also observed when rehydration of Mg-Al hydrotalcite occurred [26]. 

Calcination of the LDH precursors at 923 K provided the formation of 
a defective mixed oxide structure, with the rock salt structure of MgO 
(periclase) and/or NiO (bunsenite), or of their solid solution MgxNi1− xO, 
following the collapse of the LDH with the concurrent formation of CO2 
from carbonates decomposition. Reported diffraction pattern well 
correspond with the one available for Mg0.7Ni0.3O (NaCl, cF8225). In the 
case of sample A, no other segregated phases were clearly observed 
indicating that Ni, Mg and Al are mostly interspersed in the mixed oxide. 
However, the presence of amorphous material cannot be excluded in 
samples obtained from decomposition of layered double hydroxides and 
the shoulder at 35◦ may be related to the presence of amorphous Ni- 
doped alumina or of an hydroxycarbonate phase as reported by Trifirò 
et al. [27,28]. Sample A does not show evident features of a spinel 
structure while they appear in the XRD pattern of sample B, where, 
together with sharper peaks, very weak components also appear (see 
asterisks in the figure), which may correspond to peaks of a spinel phase 

(MgAl2O4, cF56). 
In Fig. 2, the skeletal FT-IR spectra of the two calcined samples are 

reported. The main peak, a little broader for sample B than for sample A, 
observed at 410 cm− 1 is typical of the transverse optical mode of the 
only IR active mode of the rock salt type, observed near 400 cm− 1 for 
both MgO monocrystals [29,30] and NiO monocrystals [31], and usually 
shifted a little up for the corresponding powdered samples [25,32]. The 
pronounced shoulder found near 650 cm− 1 is due to the corresponding 
longitudinal optical mode [25–27]. Thus, a salt-rock type phase, either 
MgO or NiO or, more likely, a NixMg1− xO solid solutions, whose for-
mation is likely being associated to negative enthalpies [33], is 
confirmed. However, the additional evident absorption split at 850, 
800 cm− 1 never is found in the spectra of pure rock salt type oxides. The 
position of this band is typical of absorptions of aluminate spinels [34], 
attributed to the vibrations of oxygen bridging between cations in 
tetrahedral and octahedral sites. In fact, these vibrational modes are 
observed at higher frequency than the vibrations of oxygens bridging 
between octahedrally coordinated cations, like they exclusively exist in 
rock-salt type structures. However, XRD does not reveal significant 
amounts of spinel phases in investigated samples. Taking into account 
the strong preference of Ni2+ for octahedral coordination for electronic 
reasons, evident also by the observation that NiAl2O4 is an inverted 

Fig. 1. XRD patterns of the as-prepared NiMgAl layered double hydroxides and mixed oxides.  

Fig. 2. FT-IR skeletal spectra of A and B catalysts.  
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spinel [35], while MgAl2O4 is a normal spinel [36] with Mg2+ in tetra-
hedral coordination, the spectrum suggests that either part of Mg2+ or at 
least part of Al3+ ions stay in tetrahedral sites in this material. According 
to previous studies [37–39], these features are very likely associated to 
Al3+ ions in tetrahedral sites likely present as defect sites in the rock-salt 
type matrix. 

IR spectra also show the presence of bands at 1450 and 1403 cm− 1, 
which are due to carbonate ions still trapped in the mixed oxide phase 
after decomposition of hydrotalcite type hydroxy-carbonate. 

In Fig. 3 the UV–vis–NIR spectra of the samples are reported. The 
strong absorptions, associated to the green hues of investigated samples, 
are all due to transitions of involving Ni2+ ions, considering that neither 
Mg2+ nor Al3+ have electrons in d orbitals and that MgO, Al2O3 and 
MgAl2O4 do not present significant absorptions in the entire range. The 
spectra are compared with those found for NiO and NiAl2O4. The strong 
absorption in the UV region is associated to O2- (2p) → Ni2+ (3d) charge 
transfer transitions: the maximum lies below the cut-off at 250 nm, and 
this is typical of quite isolated Ni2+ ions. The other absorptions are all 
due to d–d transitions of octahedrally coordinated Ni2+ [40]. In 
particular, the absorption near 400 nm is associated to the 3A2 g → 
b3T1 g, the doublet in the visible region is attributed to the 3A2 g → a3T1 g 
and the 3A2 g→ a1Eg while that in the near infrared region is attributed to 
the 3A2 g → a3T2 g. However, the shape and position of these absorptions 
are clearly different from those of NiO as well as of NiAl2O4, reported as 
well in Fig. 3. Thus, the data, in good agreement with neutron diffraction 
data previously reported for similar samples [29], show that the mate-
rials are constituted by a rock-salt type Mg1− xNixO solid solution with 
Al3+ ions in tetrahedral interstices and, necessarily, octahedral sites 
vacancies, and additional residual carbonate species trapped on pores. 

In Table 2 the morphological properties of the samples, as analysed 
by nitrogen physisorption, are summarized. Higher surface area is 
observed for the sample A, with lower Al content, in fact, part of the 
developed surface area is caused by the decomposition of carbonates to 
gaseous carbon dioxide during calcination, and a low Al content, entails 
a decreased carbonates amount, which intercalates to counterbalance 
the Al charge. This is also true for pore volume and diameter values that 
are found to be higher for sample A than sample B, in line with a high Al 
content. Indeed, while the structural properties of the two samples are 
very similar, they significantly differ for morphological properties, with 
a high surface areas and porosity for sample A, associated to a lower 
crystallinity as apparently evidenced by XRD. 

The analysis of the isothermal linear plots provides a deeper analysis 
of the catalyst morphology (Fig. 4). Both samples can be classified as 
mesoporous as depicted by the type IV isotherms. [41]. The higher 
isotherm of sample A is caused by to the presence of many pores and a 

high pore volume, that results in high gas adsorption by capillary 
condensation at high relative pressures. Different hysteresis are dis-
played by the two samples. Sample A is characterized by a type H1 
hysteresis that is peculiar of pores with uniform size and shape. On the 
other hand, sample B shows a type H2 hysteresis indicative of ink-bottle 
pores. Thus, the different amount of Al in the sample, not only influences 
the surface area and pore volume but also the pore shape. In facts, high 
Al content, i.e., high amount of carbonates in the catalyst precursor, 
allows the creation of uniform pores during its decomposition to oxide. 
In contrast, when a diminished number of carbonates modifies the 
carbon dioxide evolution throughout the material leading to the for-
mation of ununiform pores. 

The redox properties of the catalysts were investigated by Temper-
ature Programmed Reduction (TPR, Fig. 5). The two catalytic systems 
were characterized by a broad reduction peak. Sample A showed a 
reduction at slightly lower temperatures, starting at 923 K and having a 
maximum at 1123 K, compared to Sample B (943 and 1173 K). As the 
Ni2+ that is reduced to its metallic form during the TPR analysis is 
originally in large part inside the structure of the mixed oxide, the better 
reducibility of the sample with higher Al content, is ascribed to its higher 
surface area. Having a look at the hydrogen consumption, the two 
samples showed a similar incomplete overall Ni reduction (79 % and 83 
%) indicating that most of Ni2+ has been reduced, though a part of it is 
not accessible being trapped in the bulk of the mixed oxide. 

Fig. 3. UV–vis–NIR spectra of A and B catalyst compared with these of NiO and 
NiAl2O4 powders. 

Table 2 
BET surface area (m2/g), pore volume and diameters of the calcined catalysts.  

Sample BET surface area (m2/g) Pore volume (cm3/g) Pore diameter (nm) 

A  173  0.73  11.8 
B  135  0.31  7.1  

Fig. 4. Isothermal linear plots of nitrogen adsorption at 77 K on samples A 
and B. 

Fig. 5. Temperature Programmed Reduction (TPR) curves of the investi-
gated catalysts. 
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CO2 Temperature Programmed Desorption analysis (TPD) was used 
to investigate strength of catalyst base sites (Fig. 6). They show one 
broad desorption peak below 773 K that indicates the presence of weak- 
medium basic sites. Desorption temperatures higher than 773 K were 
not investigated as at high temperatures, the mixed oxide could modify 
its phase transforming into MgO and spinel. Quantification of the des-
orbed CO2 gives an insight on the sample basicity and the results are 
shown in Table 3. Sample B showed a higher basicity that is consistent 
with the higher amount of Mg of this sample. This is further confirmed 
by normalizing the base site density over the surface area of the sample. 
In this case, the difference in basicity is even higher for Sample B than A, 
showing the effect of the variation of the concentration of Mg. 

In Fig. 7, low temperature CO adsorption on activated sample A is 
reported. After activation, carbonate species are still present with a quite 
complex feature in the range 1700–1300 cm− 1, and hydroxy groups as 
well (see below). A first band near 2160 cm− 1 with a shoulder at 
2153 cm− 1 is observed before outgassing at very low temperature, thus 
being assigned to CO interacting with surface ions and CO interacting 
with surface hydroxyl groups [42]. Upon outgassing a main band at 
2163 cm− 1 and shifting upon temperature increase to 2173 cm− 1 

(223 K) and finally observed at 2169 cm− 1, characteristic of CO inter-
action surface ions and, in particular, suggesting the exposure of Mg at 
the surface, forming a characteristic Mg-CO unstable carbonyl complex 
[43]. Even though very weak, a feature at 2079 cm− 1 is observed and it 
is assignable to CO adsorbed on-top in terminal coordination; upon 
outgassing and temperature increase features at 2130, 2060 and 
2039 cm− 1 appear, suggesting also the presence of Ni(CO)4, typical of 
polycarbonyl species. It has to be pointed out that also a weak feature at 
1986 cm− 1 could be envisage suggesting the presence of bridging spe-
cies, characteristic of metallic particles [44–46]. The results are in line 
with data obtained over Ni-Mg/Al2O3 catalysts [47], suggesting some 
surface reconstruction and confirming Mg behavior in increasing the 
metal particle sizes, as reported by Jensen [48]. 

3.2. Catalytic results in CO2 hydrogenation 

In Fig. 8, the results of catalytic experiments in CO2 hydrogenation 
performed on sample A are reported and compared with forecasted 
thermodynamic equilibrium data, after two adopted prereduction tem-
peratures i.e., 773 and 923 K. Conversion of CO2 strongly depends on 
the pre-treatment temperature. The conversion on sample A, pre-treated 
at 773 K, is zero at 523 K and increases with temperature and progres-
sively approaching the thermodynamics equilibrium at 723 K. Both CO 
and CH4 are produced at low temperature with selectivity to methane 
approaching 100 % at 673 K and 723 K, in good agreement with the 
literature [19–22]. Interestingly, the performances during the 
decreasing temperature experiment are slightly improved below 673 K 
with respect to those assessed in the increasing temperature experiment, 
suggesting that the catalyst is essentially stable in this 8 h long experi-
ment, undergoing a slight activation in line with the exothermic 

behavior of methanation reaction and mild prereduction conditions 
applied. After prereduction at 923 K, the catalyst is far more active in the 
473–723 K temperature range, and also very selective to methane (SCH4 
~ 100 % up to 673 K). Equilibrium conversion and selectivities are 
essentially approached staring from 623 K and above. Also in this case, 
the catalyst appears to be stable in the full experiment, including both 
increasing and decreasing temperature steps. The catalyst appears to be 
more active than some of the catalysts previously tested with similar Ni 
loadings, as shown in Table 4, even though performances are mostly 
comparable with promoted Ni-La/Al2O3 catalysts [6]. 

In Fig. 9, the performances of A and B catalysts are compared, both 

Fig. 6. CO2 temperature programmed desorption curves of the investigated samples: (A) normalized on sample mass; (B) normalized on surface area.  

Table 3 
Ni reduction and base sites quantification of the investigated samples.  

Sample Ni2+% reduced 
in TPR 

Base sites from 
TPD (mL CO2/g) 

Base sites from TPD Norm. on 
Surface area (mL CO2/m2) 

A  79%  1.33  0.0077 
B  83%  1.58  0.0117  

Fig. 7. IR spectra of CO adsorbed at 150 K on A sample (pure powder pressed 
disks). The uppest spectrum has been recorded in the presence of CO at 150 K, 
the others upon increasing temperature under outgassing from 150 K to 323 K. 
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after reduction at 923 K. The behaviors are very similar, within exper-
imental error. In both cases equilibrium conversion and selectivities are 
essentially approached in the 623–773 K range. Interestingly, after 
prereduction at 923 K, catalytic performance are stable an no evidenced 
activation effect is observable. 

3.3. Evaluation of kinetic parameters 

The kinetic study has been conducted assuming differential reactor 
hypothesis. In Table 5, the CH4 production rates, as a function of reac-
tion temperature, are reported for the two catalysts, after prereduction 
at 923 K, in the 493–523 K temperature range. 

In Table 6, the kinetic parameters i.e., reaction orders and activation 
energies, obtained as evaluated from experiments, are reported and 
compared with those obtained over other Ni catalysts. From these data, 
it is evident that at very low temperature and conversion catalyst B is a 
little more active than catalyst A, being characterized by a lower 
apparent activation energy (Fig. 10). Lower active activation energy 
might be associated to higher MgO content. The obtained Ea values are 

Fig. 8. CO2 conversion and CH4 and CO yields and selectivities obtained with A catalyst, reduced at 923 and 773 K, in the temperature range 523–773 K. Data are 
compered with forecasted thermodynamic equilibria (METH+rWGS - Thermo) and (rWGS). 

Table 4 
Comparison of CH4 yield and selectivity obtained at 623 K with literature data.  

Sample Ni loading (wt 
%) 

Y CH4 (%) S CH4 (%) Ref. 

A  27.0  92  100 This 
work 

B  27.0  94  100 This 
work 

Ni/Al2O3
a  20.0  54  93 [49] 

Ni/SiO2  26.2  44  89 [5] 
Ni/(1 wt.) SiO2-Al2O3  26.2  74  100 [5] 
Ni/(20 wt%) SiO2- 

Al2O3  

26.2  48  96 [5] 

Ni-La(14 wt%)/Al2O3  13.6  92  100 [6] 
57–4Q  18  74  98.5 [49]  

a Catalyst tested without in situ pretreatment 
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Fig. 9. CO2 conversion and CH4 and CO yields and selectivities obtained with A and B catalysts, reduced at 923 K, in the temperature range 523–773 K Data are 
compered with forecasted thermodynamic equilibria (METH+rWGS – Thermo) and (rWGS). 

Table 5 
Methane formation rates and yields obtained on A and B catalysts. Reaction 
conditions: 88.1 mg catalyst, T = 493–523 K, total flow rate 80 NmL/min and 
H2:CO2 = 5:1.  

Sample T (K) rCH4 (mol/min⋅g) F CH4 (mol/min) Y CH4 (%) 

A  493 1,27E-04 1.118E-05  5.2  
508 2,91E-04 2.564E-05  12.0  
523 5,36E-04 4.727E-05  22.0 

B  493 1,73E-04 1.522E-05  7.1  
508 3,38E-04 2.980E-05  13.9  
523 5,35E-04 4.712E-05  22.0  

Table 6 
Apparent reaction orders and activation energies for investigated catalysts and 
comparison with Ni/Al2O3 catalysts.  

Sample Ni content (wt 
%) 

Eaa [kJ/ 
mol] 

T [K] α β Ref 

A  27  103  493 0.03  0.41 This 
work 523  - 0.55 

B  27  81  493 0.13  0.37 This 
work 523  - 0.65 

Ni/ 
Al2O3  

20  83  523 0.16  0.32 [54] 

Ni/ 
Al2O3  

13.6  73  523 0.20  0.40 [6]  

a Ea is apparent activation energy. 
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in good agreement with literature data, as shown in Table 6 and as re-
ported for NiAl(O)x [48] and Ni/Al2O3 [49,50], being in all cases higher 
than values (42–56 kJ/mol) reported for Ni-Al ex-hydrotalcite systems 
[51]. 

The reaction orders have been evaluated by using a simple power law 
model (Eq. 4). In Fig. 11, methane reaction rate as a function of CO2 and 
H2 partial pressures and at different reaction temperature are reported. 
Validation of achieved data was carried out by fitting methane pro-
duction rate with a more exhaustive power law equation (Eq. 5): 

rCH4 = k Pα
CO2 Pβ

H2 (4)  

rCH4 = k Pα
CO2 Pβ

H2(1 −
PCH4 P2

H2O

PCO2P4
H2 Keq

) (5) 

The equilibrium constant (Keq) was estimated with the following 
empirical formula as reported by Aparicio [52] and used by Koschany 
et al. [53]: 

Keq = 137 • T − 3.998exp
(

158.7kJ/mol
RT

)

(6) 

The investigated samples presented slightly different reaction orders 
for both H2 and CO2, as shown in Table 6 and Fig. 11. By an increase of 
the reaction temperature, an increase of H2 reaction order was observed 
for both samples, in agreement with what was observed in the case of 
NiAl(O)x [48] and Ni/SiO2 catalysts [55], in the range 0.30–0.55 and 
with CO2 reaction orders in the range (0.24–0.07 upon temperature 
increase). It was suggested the changes in reaction orders with reaction 
temperature might be related to the presence of different amounts of 
product gases [48]. 

The parity plots of the predicted and obtained methane production 
rates are shown in Fig. 12 for A and B samples at 493 K. The estimated 
methane rates are in line with that one obtained at all the investigated 
conditions. 

3.4. A study of CO2 hydrogenation by IR spectroscopy 

In Fig. 13, the gas-phase spectra recorded during the CO2 hydroge-
nation experiments are reported. Taking into account that H2 gas is IR 
undetectable, the spectrum recorded in the presence of the catalyst at 
room temperature and at 523 K do not show other absorption except 
those of CO2 and, in particular, the rotovibrational mode centered at 
2340 cm− 1. At 573 K the absorptions of both methane (in Fig. 13 the 
rotovibrational asymmetric stretching mode is evident centered at 
3016 cm− 1) and the rotovibrational CO stretching mode of CO is also 
observed very weak at 2140 cm− 1. The bands of both CH4 and CO in-
crease in intensity by increasing temperature. No other compounds are 
observed. As shown in Table 7, the evaluation of the intensity of the 
bands using calibration data show that methane selectivity is extremely 
high, > 99 % in these conditions. 

As usual, the spectrum of the catalyst disk (down spectrum in Fig. 14) 
shows a cut-off limit near 1000 cm− 1: below this frequency, bulk metal 
oxygen stretching fully absorb the radiation. After reduction and out-
gassing, the spectrum of the catalyst disk shows a quite strong band at 
3725 cm− 1, due to surface hydroxy groups, and a broad absorption 
centered around 3500 cm− 1, due to residual H-bonded hydroxyls. 
Additionally, a complex absorption band is present in the range 
1700–1300 cm− 1 due to residual carbonate ions probably trapped in the 
bulk of the ex-hydrotalcite material. 

After contact at room temperature with the CO2: H2 1:5 gas mixture, 
the spectrum is modified with the formation of bands at 3620, 1671, 
1415, 1225 cm− 1 (more evident in the subtraction spectrum in Fig. 15), 
which are typical of surface monohydrogencarbonate ions (OH 
stretching, CO3

2- asymmetric and symmetric stretching and OH bending, 
respectively). 

By increasing temperature, a new band forms at 1604 cm− 1, which 
can be due to adsorbed water formed by the methanation reaction, while 
at even higher temperatures a band at 1544 cm− 1, which, together with 
a further component at 1400 cm− 1 can be due to a bidentate or poly-
dentate carbonate species. 

While linear CO2 is present with a very weak peak at 2344 cm− 1 

(insert in Fig. 16), with a shoulder at higher frequency, the formation of 
surface carbonyl species is evident during reaction in the temperature 
range 523–773 K. In this temperature range, terminal carbonyls are 
evident in the IR spectra (Fig. 16) at 2063–2057 cm− 1, and bridging 
carbonyls are observed, absorbing at 1910 cm− 1 after contact at 523 K, 
and shifted at 1940 cm− 1 at higher temperature. The former band, 

Fig. 10. Arrhenius plot for investigated catalysts and obtained apparent acti-
vation energies in CO2 hydrogenation reaction. 

Fig. 11. Experimental evaluation of CO2 orders for methane production as a function of CO2 (left) and H2 (right) partial pressures, respectively.  
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typical of terminal nickel carbonyls, shows its maximum slightly shifting 
from 2063 cm− 1, when the band is strongest suggesting that occupation 
of the face is higher, down to 2057 cm− 1 when the band is weaker, 
suggesting a lower CO coverage. The behavior is like that described for 
CO adsorbed on top on Ni (100) monocrystal faces using different 
techniques [56,57]. The position of the additional band at 
1940–1910 cm− 1 is typical of the CO stretching of bridging carbonyls 
observed on different Ni monocrystal faces [41,51,58]. A weak band at 
2854 cm− 1 is also observed, due to a surface CHx stretching mode. The 
spectrum in this region does not closely correspond to the CH stretching 
of formate ions nor of methoxy groups previously observed upon CO 
hydrogenation on Ni/γ-Al2O3 [41] nor to those detected for methoxy 
and formate groups on MgO-Al2O3 oxides [59]. A possible assignment is 
to a CHx group on nickel, which is a possible intermediate in the reverse 
reaction i.e., methane steam reforming on nickel. 

4. Discussion 

The data reported in this study confirm that hydrotalcite-type Ni,Mg- 
Al layered double hydroxides allow the production of homogeneous 
mixed oxides constituted by a rock-salt type Mg1-xNixO solid solution 
with Al3+ in tetrahedral interstices of the cube close packing of oxide 
anions. The materials, when activated at sufficiently high temperature, 
convert into supported Ni metal catalysts which are very active and 
selective for CO2 methanation. In fact, high temperature is needed for 
extracting high amounts of Ni from the bulk of the mixed oxide pre-
cursor and reducing it. The larger Mg:Al metal ratio in catalyst B allows 
higher surface basicity resulting in higher CO2 adsorption ability, and in 
a slightly higher Ni reduction temperature, also associated to a lower 
surface area. The catalyst with more magnesium is slightly more active 
at low temperature, and shows a slightly lower activation energy for 
methanation. However, it presents a slightly higher reaction order for 
CO2 conversion (0.13). 

Catalytic data show that these materials are definitely more active at 
low temperature than Ni/γ-Al2O3 catalysts, with a comparable good 
activity with respect to Ni/La2O3-Al2O3 ones. A role of base oxides as 
activating components can be envisaged, and related to the strength of 
the adsorption of CO2 on the “support”. 

IR spectroscopy data show that carbon dioxide adsorbs on the 
reduced catalyst in the form of hydroxycarbonates, that convert at 
higher temperature on the working catalyst in carbonates and strongly 
adsorbed linear and bridging carbonyl species on metallic nickel. The 
formation of surface CHx species, possible surface intermediates in 
methanation, is also evident. 

The reported data can be interpreted assuming that the reduction of 
aluminum-stabilized NiO-MgO based bulk mixed oxide allows to pro-
duce optimal-size nickel metal particles which have high hydrogenation 
activity with limited formation of carbon residues. Otherwise, the 
optimal basicity of the MgO-Al2O3 based support allows medium-strong 
adsorption of CO2 which allows its selective full hydrogenation to 
methane. 

5. Conclusions 

The high activity and selectivity of Ni catalysts obtained by NiO- 
MgO-Al2O3 mixed oxides derived from hydrotalcite -like precursors in 
CO2 methanation has been confirmed. The likely role of surface (bi) 
carbonate species as active adsorbed CO2 species is suggested, 
evidencing the role of an optimal medium basicity of the surface for CO2 
activation. The additional role of the bulk mixed oxide to produce by 
mild reduction optimal size Ni particles is also underlined. Evidence for 
the formation of surface CHx species was provided. Kinetic parameters 

Fig. 12. Parity plot of methane production rates obtained and predicted with sample A (left) and B (right).  

Fig. 13. Gas-phase spectra recorded during the CO2 hydrogenation in IR cell.  

Table 7 
CO and CH4 concentration obtained in CO2 hydrogenation by IR spectroscopy in 
the temperature range 523–773 K.  

T (K) CCO (mol/mL) CCH4 (mol/mL)  

523 0.000E+ 00 5.674E-07  
573 5.087E-09 3.972E-06  
623 2.035E-08 1.418E-05  
673 3561E-08 3.234E-05  
723 4.578E-08 4.936E-05  
773 5.087E-08 5.730E-05  
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for the CO2 methanation reaction were also evaluated. 
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