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Abstract 

Hydrotalcite-derived Ni-containing and Ni-La promoted catalysts showed very high activity in 

CO2 methanation, which is an efficient way of carbon dioxide conversion into methane – a 

valuable product. The catalysts were obtained by co-precipitation method followed by thermal 

decomposition and characterized by elemental analysis, low temperature nitrogen sorption, 

XRD, H2-TPR, CO2-TPD and TEM. The obtained results confirmed the formation of periclase-

like structure materials, with nickel present as NiO nanoparticles and suggested successful 

incorporation of lanthanum into the catalytic system. The addition of lanthanum changed the 

interaction between nickel and periclase matrix (H2-TPR) and changed the distribution of basic 

sites, especially medium strength ones (CO2-TPD). Moreover, the catalysts were studied by 

complementary HERFD-XANES and XES spectroscopy under model operando conditions. 

The results uncovered that the presence of lanthanum strongly influenced the chemical nature 

and oxidation state of nickel species and its crucial role in catalyst activity enhancement in CO2 

methanation reaction.  
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1. Introduction 

 The energy transition to renewable sources, as well as growing concentration of carbon 

dioxide in the atmosphere, which is considered to be the major drive of climate change and 

greenhouse effect, led to an increased interest in the reaction of CO2 hydrogenation. In order 

to overcome the gap between electricity production and immediate demand it is crucial to 

develop suitable storage systems. Hydrogenation of carbon dioxide offers the possibility of 

storing excess energy in the form of chemicals such as methane or higher hydrocarbons, with 

hydrogen provided via water electrolysis using excess energy. The existing infrastructure for 

gas transportation enables to use methane as an energy carrier [1]. Hydrogenation of CO2 

(methanation and Fischer-Tropsch synthesis) is treating carbon dioxide as a feedstock and may 

lead simultaneously to the production of liquid and/or gaseous fuels, CO2 emissions reduction 

and/or storage of excess energy in the form of chemicals. 

 Carbon dioxide methanation reaction was mostly carried out using catalysts based on 

8-10 group metals (Ni, Pt, Ir, Fe, Ru, Co, Rh) [2-7] of which nickel, ruthenium and rhodium 

based catalysts have been found to be the most active in this process [7, 8]. Nickel-based 

catalysts are the most extensively studied because Ni shows very good activity in the reaction 

of CO2 hydrogenation and is much cheaper and more abundant than precious metals, which 

from the commercial standpoint makes it more interesting. However, the catalytic activity at 

lower temperatures still needs to be enhanced. This fact motivated the development of novel 

Ni-based catalysts highly active at low reaction temperatures. Hydrotalcites (layered double 

hydroxides - LDHs) were chosen as catalyst precursors. LDHs are mixed hydroxides of di- and 

trivalent metals, present in brucite-like layers (Mg(OH)2) with anions present in the interlayer 

spaces compensating the positive charge. Lately, we have shown that divalent Ni2+, as well as, 
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trivalent La3+ may be also incorporated into LDHs structure without formation of any additional 

phase [9]. As a result, the acid-base sites and redox properties can be perfectly tailored for 

catalytic application e.g. CO2 methanation [9-11]. The cations present in brucite-like layers are 

randomly distributed, which leads to high homogeneity of the synthesized materials. 

Additionally, the composition of such material can be easily controlled during the synthesis. 

Therefore hydrotalcite-derived materials can be adjusted for the reaction of CO2 methanation, 

in order to fulfil the requirements such as high basicity (CO2 adsorption capacity), appropriate 

nickel distribution and reducibility (redox properties).  

Up to now only few publications have been devoted to hydrotalcite-derived catalysts 

for CO2 methanation [10-12]. In our previous studies we found that increasing the Ni content 

in hydrotalcites resulted in different medium-strength basic sites distribution, which increased 

with increasing nickel content and resulted in better performance in CO2 methanation reaction 

[13]. It was also found that the incorporation of La increased the amount of medium-strength 

basic sites and weakened the interaction between Ni and the support (increased reducibility), 

which resulted in much better performance of such catalysts in methanation of CO2 [14]. The 

promoting effect was strongly dependent on the method of lanthanum incorporation [9]. 

Despite new findings the reaction pathway and the role of promoters remain an open question. 

Recently, both theoretical (DFT calculation) and experimental (FTIR, XAFS) approaches have 

been used to describe surface chemical activity of Ni-containing catalyst in methanation 

process [15-18]. The mechanisms proposed in literature are an associative [19] and dissociative 

mechanism [20]. The former proposes the formation of oxygenate intermediates, subsequently 

hydrogenated to CH4 while the latter assumes dissociation of CO2 to adsorbed CO and O, with 

subsequent hydrogenation to CH4. However, in general it is accepted that CO is the main 
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intermediate in CO2 methanation. It was established before that synchrotron-based techniques 

are excellent tools to study the local coordination of active species and behaviour of catalysts 

under realistic conditions [21, 22]. Using element specific X-ray photon-in/photon-out 

techniques such as high energy resolution fluorescence detected X-ray absorption (HERFD-

XANES) and X-ray emission spectroscopies (XES) it is possible to identify adsorbed species 

on catalyst sites, probe the chemical information from ligand and calculate bond distances.  

The goal of this work was to study the properties of nickel-containing lanthanum-promoted 

hydrotalcite-derived mixed oxides with constant MII+/MIII+ ratio. In order to elucidate the role 

of lanthanum in CO2 methanation, operando HERFD-XANES and XES were implemented to 

study the local coordination and oxidation state of nickel in hydrotalcite-derived catalysts 

during reduction and methanation of carbon dioxide reaction. We believe that valence-to-core-

XES spectroscopy was used for the first time to study ligand environment of Ni species under 

realistic condition in this process. 

2. Experimental 

2.1. Synthesis of the materials 

Hydrotalcite-like materials containing di- and trivalent metals (Ni, Mg, Al and La), 

were obtained using co-precipitation method at constant pH (9.5-10). Two aqueous solutions: 

(i) containing nitrates of divalent and trivalent metals and (ii) 1 M sodium hydroxide were 

added dropwise into a flask containing an aqueous solution of sodium carbonate (65°C) under 

constant controlled pH (9.5-10) and vigorous stirring. The mixture was aged for 1h at 65°C, 

filtered, washed with distilled water and dried at 80°C overnight. The obtained hydrotalcite 

materials were calcined at 500°C for 5h, and then some amount of each of them was reduced 
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at 800ºC in stream of 5% H2/Ar. The sample nomenclature depending of undergone treatment 

is collated in Table 1. The concentration of the nickel, magnesium, alumina and lanthanum, 

determined by XRF, is listed in Table 2. 

 

Table 1. Sample labelling according to corresponding treatment 

 

2.2. Physico-chemical characterization 

 

The obtained hydrotalcite-derived catalysts were characterized by low temperature 

nitrogen sorption, X-ray fluorescence spectroscopy (XRF), X-ray diffraction (XRD), high 

energy resolution fluorescence detected X-ray absorption near edge structure spectroscopy 

(HERFD-XANES), X-ray emission spectroscopy (XES), transmission electron microscopy 

Sample label as-synthesised calcined reduced 
operando conditions at 300 oC 

H2 CO2 CO2 + H2 

Ni40 +      

Ni40La2 +      

Ni40_calc + +     

Ni40La2_calc + +     

Ni40_red + + +    

Ni40La2_red + + +    

Ni40_ H2 + + + +   

Ni40La2_ H2 + + + +   

Ni40_ CO2 + + +  +  

Ni40La2_ CO2 + + +  +  

Ni40_ CO2+H2 + + +   + 

Ni40La2_CO2+H2 + + +   + 



7 

 

(TEM), hydrogen temperature-programed reduction (H2-TPR) and carbon dioxide 

temperature-programed desorption (CO2-TPD).  

X-ray diffraction measurements were carried out on PANalytical-Empyrean 

diffractometer equipped with CuK radiation source (λ = 1.5406Ǻ) within 2θ range from 3 to 

90°, with a 0.02°/min step size. Crystallite sizes were calculated using the Scherrer equation. 

The textural properties of reduced samples - specific surface area and total pore volume - were 

determined from nitrogen adsorption isotherms (-196°C), obtained using a Belsorp Mini II 

apparatus (BEL Japan). Prior to the measurements the samples were outgassed at 110°C under 

vacuum for 3h.  

The HERFD-XANES and XES experiments were carried out at ID26 beamline of the 

European Synchrotron Radiation Facility (ESRF) in Grenoble, France equipped with three 

undulators providing a flux of 1013 photons s-1. The beam size on the sample was 1 (horizontal) 

x 0.1 (vertical) mm2. The incident energy was tuned through the Ni K edge by a cryogenically 

cooled Si(111) double-crystal monochromator. A Ni foil was used to calibrate energy by setting 

the first inflection point of the Ni K edge at 8333 eV. The emission spectrometer was equipped 

with five Si(551) crystal analysers in Roland circle geometry. High-Energy Resolution 

Fluorescence Detected X-ray Absorption Near Edge Structure (HERFD-XANES) spectra were 

recorded by scanning the incident energy and detecting the fluorescence at the maximum of 

Kβ1,3 emission line. X-ray emission spectra in core-to-core (CTC) and valence-to-core (VTC) 

ranges were recorded at 8500 eV excitation energy. The XES and XANES spectra were 

normalized with respect to the area. The spectra were not corrected for self-absorption effects. 

The conclusions drawn in the context of the present study are not affected by such spectral 
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distortions. The background subtraction was carried out for the Ni  VTC-XES spectra in order 

to remove the contribution of the CTC main line tail by applying the procedure proposed by 

Gallo and Glatzel [23]. The data of reference samples NiO and Ni(OH)2 was recorded on the 

pellets containing 5 wt. % of the sample diluted with cellulose. The spectrum of metallic nickel 

was obtained from Ni foil (4 μm).  

Sieved fractions of  Ni40_calc and Ni40La2_calc catalysts (100 – 200 μm) were pressed at 

∼2 ton cm−2 into 0.5 mm thin wafers of ca. 75 mg cm−2 and placed inside Maxthal® cell. The 

Maxthal® is an heating cell developed at Sample Environment unit of ESRF and it is in a pool 

of shared equipment, making it freely accessible to all ESRF users [24, 25]. More information 

and characteristic about furnace is included in Supporting Information document. This in-situ 

cell integrated in a devoted gas-flow setup was used as a reactor in operando experiments. The 

cell was positioned at the focus of the spectrometer at 45° with respect to the incident beam 

and silicon analysers. The desired concentrations of H2 (60 vol. %) and CO2 (15 vol. %) were 

obtained by mixing pure gases with He as inert carrier. The gas flow was kept at 35 cm3 min-

1. The CO2 conversion and CH4 yield was monitored by GC analyser equipped with MS5A 

(10 m) and PPU (8 m) columns and TCD detector. Before reaction the catalysts were reduced 

in-situ in the flow of 12.5 % H2/He at 750 oC. The data analysis for HERFD-XANES was 

conducted with Athena software of IFEFFIT package.  

Temperature-programmed reduction (H2-TPR) profiles were obtained using BELCAT-M 

equipped with a TCD detector. The calcined materials (50 mg for each experiment) were first 

outgassed at 100°C for 2h and then reduced using 5%H2/Ar at a heating rate of 7.5°Cmin-1 

from 100°C to 900°C. Temperature-programmed desorption (CO2-TPD) was performed on the 
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same device (BELCAT-M) for the reduced samples. The materials were degassed for 2h in a 

stream of He at 500°C and cooled to 80°C. After outgassing, a mixture of 10%CO2/He was fed 

for 1h in order to adsorb CO2. Afterwards a flow of He was introduced for 15 minutes in order 

to desorb weakly adsorbed CO2. Then the material was heated (10°C /min) under He flow from 

80°C to 900°C in order to determine the evolution of CO2. The concentration of desorbed CO2 

was measured with a TCD detector.  

The catalysts before and after the methanation reaction were examined by Transmission 

Electron Microscopy (TEM, JOEL JEM-100XCII, acceleration voltage of 100keV). Based on 

the analysis of the obtained images, the distribution of nickel particle size was discussed. The 

determination of particle size distribution involved the analysis of at least 300 Ni particles. The 

measurements of Ni particle size were performed with the aid of ImageJ software. Based on 

the results obtained from TEM the Ni dispersion was calculated using the method proposed in 

Chapter 3.1.2 of ‘Handbook of heterogenous catalysis’ by G.Bergeret and P.Gallezot [26]. 

2.3. Catalytic measurements  

The performance of the catalysts in CO2 methanation reaction was evaluated in a tubular 

quartz reactor at atmospheric pressure, with a K-type thermocouple inside catalyst bed. Prior 

to the reaction the catalysts were reduced in-situ under a 100 ml/min flow of 10%H2/He at 

900°C with the temperature ramp of 10°C/min for 1h. The feed gas 15 vol. % CO2/60 vol. % 

H2/25 vol. %Ar = 3/12/5 was then fed into the system with GHSV = 12000 h-1. The gas products 

including CO, CH4, H2 and CO2 were analysed using an online micro-chromatograph (Varian 

4900). The CO2 methanation catalytic tests were performed from 250°C to 450°C with steady-

state operation for 30 minutes (every 50°C). The activation energies were calculated using 
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power rate law [20]. The TOF value was calculated supposing that all the exposed Ni atoms 

participate in the reaction. The amount of surface Ni was calculated based on the analysis of 

TEM results (Ni dispersion). 

TOF = 
𝑛𝐶𝐻4(𝑚𝑜𝑙)

𝑛𝑁𝑖 (𝑚𝑜𝑙)∗𝑡(𝑠)
 

 

3. Results and discussion 

3.1. Structural and textual properties  

Table 1 contains the results of low temperature nitrogen sorption and elemental analysis 

for the reduced samples. The content of Ni and La measured with XRF are close to calculated 

before synthesis. The typical textural properties, specific surface area (SBET) and total pore 

volume (Vtot), of synthetic hydrotalcite-derived materials are in the ranges of 100-180 m2 g-1 

and 0.3 – 0.7 cm3 g-1, respectively. Due to high Ni loading the values of SBET and Vtot of reduced 

Ni40 and Ni40La2 are a bit below this range. This result stays in good agreement with previous 

study of Dębek et al. [27]. Furthermore, from Table 2 it may be observed that the incorporation 

of 2.6 wt. % of lanthanum did not significantly influenced textural properties of the catalyst. 

Table 2 Specific surface area SBET, total pore volume Vtot and elemental analysis results for the Ni and 

Ni/La hydrotalcite-derived catalysts 

Catalyst 

textural properties chemical analysis 

Specific 

surface area 

(SBET) [m2/g]a 

Total pore 

volume (Vtot) 

[cm3/g] 

 
Ni 

[%] 

Mg 

[%] 

La 

[%] 

Al 

[%] 

Ni40 71 0.27 fresh wt. 40 1.9 - 6.8 
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mol 0.67 0.08 - 0.25 

reduced wt. 52.1 2.5 - 8.6 

Ni40La2 72 0.25 

fresh 
wt. 40 1.5 2 6.3 

mol 0.68 0.067 0.015 0.235 

reduced wt. 51.6 1.8 2.6 7.7 

aThe accuracy of SBET determination is usually assumed to be ca. ± 5 % 

Figure 1 shows the XRD diffractograms obtained for fresh, calcined, reduced and spent 

Ni40 and Ni40La2 samples. The patterns obtained for fresh hydrotalcites show reflections of 

2θ at 11°, 24° and 35°, corresponding to (003), (006) and (009) planes, respectively indicating 

the existence of a layered hydrotalcite structure [28, 29]. The a and c unit cell parameter values 

were calculated basing on the methodology proposed by Rives et al [30]. Parameter c, which 

represents three times the distance between hydrotalcites layers, was calculated from the 

positions of the three first sharp reflections at 2θ between 10° and 40° (c = d(003) + 2d(006) + 

3d(009)). The value of c parameter is strongly dependent on the type of interlayer anions present 

in the hydrotalcites. As presented by Cavani et al. [31], this parameter allows defining the type 

of anions present in the interlayer. In case of our samples the c parameter values were in the 

range of 23.04 – 23.5Å, confirming the presence of carbonate and/or nitrate anions in the 

interlayer spaces. Parameter a value, which represents the average distance between the cations 

in the brucite-like layers, was ca. 3.04 Å for both samples. Since no other separate phase was 

observed, the obtained XRD results for fresh samples suggest successful incorporation of 

nickel into the hydrotalcite structure. The XRD patterns of the samples after calcination at 

500°C are shown in Figure 1B. Typical reflections for periclase-like structure are observed at 
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2θ = 43.5° and 63°, as expected after thermal decomposition of hydrotalcites-like materials. 

No other phases were observed on the XRD diffractograms. 

Figure 1C depicts the XRD patterns of the reduced hydrotalcite-derived mixed oxides. 

The diffractograms reveal the existence of periclase-like structure (MgO) and metallic nickel 

(Ni0) phase. The latter with crystallite sizes ranging from 8-9 nm (calculated using Scherrer 

equation). No additional reflections arising from separate La phase/s were registered for 

Ni40La2 sample.  

 

Figure 1 XRD patterns of a) as-synthesized b) calcined c) reduced d) spent (after catalytic tests) catalysts 

3.2.  Active sites and basicity 

Figure 2 shows the H2-TPR profiles obtained for the calcined catalysts. All profiles exhibit 

one asymmetric peak at temperature between 676-686°C, arising from the reduction of nickel 
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oxide species to metallic nickel (Ni0). The reduction peak was registered at temperatures much 

higher than expected for the bulk nickel oxide or materials impregnated with nickel, and thus 

it may be assigned to nickel oxide in strong interaction with its surroundings [32]. This suggests 

the formation of a thermally stable solid phase of mixed oxides Mg(Ni,Al)O. The obtained H2-

TPR profiles show strong interaction between Ni and the support matrix, which suggests high 

dispersion degree of nickel. After the incorporation of lanthanum into the nickel containing 

hydrotalcite a small shift of the reduction peak to lower temperatures may be observed, from 

686°C to 676°C for Ni40 and Ni40La2, respectively, indicating that La species facilitate the 

Ni(II) reduction. The obtained results suggest increased reducibility of nickel species, similarly 

as observed in our previous work [14]. 
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Figure 2 H2-TPR profiles of the calcined materials 

Figure 3 shows the CO2-TPD profiles obtained for the hydrotalcite-derived mixed 

oxides after reduction at 900°C. The numbers of basic sites, calculated by integration of 

desorption peaks, which were deconvoluted into three Gaussian peaks corresponding to weak, 

medium strength and strong basic sites related to surface OH-, acid-base Lewis pairs and low 

coordination surface O2-, respectively [33], are presented in Table 3. The total basicity 

increased with La addition from 130 μmol/g to 211 μmol/g. This is in good agreement with our 

previous work where it was reported that the incorporation of La into Ni containing 

hydrotalcites increased the amount of medium strength basic sites. The incorporation of 

lanthanum into the nickel containing hydrotalcite influenced strongly the distribution of basic 

sites. There was observed: (i) a slight decrease of the amount of weak basic sites (ii) a 
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considerable increase in the amount of medium-strength sites and (iii) a slight increase in the 

amount of strong basic sites, when compared to Ni40. 

 

Table 3 Basicity (CO2-TPD) and crystallite sizes of Ni0 particles (XRD), TOF, Ni dispersion and activation 

energy 

Catalyst 

Total 

basicity 

[μmol/g]a 

Weak 

basic sites 

[μmol/g]a 

Medium 

strength 

basic 

sites 

[μmol/g]a 

Strong 

basic 

sites 

[μmol/g]a 

Crystallite size 

[nm]b 

 

Ni 

dispersion 

[%]c 

 

 

TOF 

[10-2 s-1]d 

 

 

Reduced 

Spent 

Ni40_re

d 
130 32 59 39 8 

 

7.6 / 

9.1 

 

7.6 / 9.1 

 

3.1 / 6.2 

Ni40La2

_red 
211 55 97 49 9 

 

8.0 / 

7.5 

 

8.0 / 7.5 

 

3.4 / 7.5 

a The residual error of the measurement is in the range of 10 μmol/g 
b The weighted residual error is in the range of 3-6% for the crystallite size 
c The Ni dispersion was calculated based on the crystallite sizes obtained from TEM analysis (reduced / spent) 
d GHSV= 12000 / 36000 h-1 and 250ºC  
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Figure 3 CO2-TPD profiles of the reduced materials 

3.3. Catalytic activity 

The measurements of carbon dioxide conversion during catalytic methanation experiments 

are plotted in Figure 4, for both catalysts as a function of reaction temperature, and additionally 

for different gas hourly space velocity (12,000, 24,000 and 36,000 h-1). The thick red 

continuous line represents the forecasted carbon dioxide conversion at thermodynamic 

equilibrium for the reaction carried out at conditions used in this work. The thermodynamics 

predicts almost complete CO2 conversion at lower temperatures, which decreases with the 

increasing temperature, as a consequence of parallel reactions, e.g. reforming reactions 

resulting in the formation of undesired side-products, such as CO [34]. Both catalysts were 
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active in the reaction of CO2 methanation. At GHSV = 12000 h-1 at 250°C the conversion 

reached 84.3 and 88.2 % for Ni40_red and Ni40La2_red, respectively i.e. almost 

thermodynamic equilibrium. Increasing the temperature to 350, 450 and 450°C resulted in quite 

similar CO2 conversion, reaching thermodynamic equilibrium for both catalysts. As example 

at 300°C, CO2 conversion decreased from 87.9% to 71.9 and 65.3% at GHSV of 12,000, 24,000 

and 36,000 h-1, respectively for Ni40 catalyst while for Ni40La2 the respective conversions 

were 91.8% to 77.6 and 69.3% for the same GHSV. The TOF values (Table 3) were 3.1 x 10-2 

and 3.4 x 10-2 for Ni40 and Ni40La2, respectively at GHSV = 12000 h-1. The calculated 

activation energies were 1.35 kJ/mol and 1.6 kJ/mol for Ni40La2 and Ni40, respectively. The 

values obtained are very low, in good agreement with the trend observed in Figure 4. 
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Figure 4 CO2 conversion versus temperature at GHSV = 12000, 24000 and 36000h-1 for the studied 

catalysts 

The introduction of La significantly increased catalyst activity due to two main factors. 

First one, lanthanum species are responsible for an increase in the population of medium 

strength basic sites by nearly twice compare to non-promoted catalyst. According to previous 

work of Pan et al. [29] the presence of medium strength centres favours formation of 

monodentate species, which are believed to be an intermediate in methane synthesis. It was 

found that, in comparison to bidentate species, monodentate species can be more easily 

hydrogenated. Secondly, as we state in the following chapters the presence of La strongly 

modifies the electronic structure of Ni leading to vast CO2 adsorption on surface of Ni(0) 

nanoparticles with simultaneous change of Ni oxidation state, resulting in higher overall 
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activity. Thus, La plays a bi-functional role as a provider of medium strength basic sites as well 

as a modifier of Ni properties for CO2 adsorption.Table S4 in SI document contains selected 

literature reports for nickel catalysts supported on different materials e.g. hydrotalcites, MgO, 

La2O3 or ZSM-5 together with the reaction conditions shedding light on various catalyst 

performance in the methanation process.  

The selectivity towards methane as a function of temperature is plotted in Figure 5. 

Almost complete conversion towards methane, 99.0 and 99.6% for Ni40 and Ni40La2, 

respectively, was recorded for both catalysts at 250°C. As predicted by thermodynamic 

calculations, the selectivity towards methane decreased with increasing temperature, but only 

trace amounts of a side product carbon monoxide were recorded. Apart from CH4 and CO, no 

other products were registered. 
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Figure 5 CH4 selectivity versus temperature for obtained catalysts 

In order to assess the stability of the studied catalysts, 24h-tests were performed at 

250°C at GHSV = 12000h-1(Fig 6). Almost no changes in activity were registered during 

stability tests. 
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Figure 6 24h stability tests performed at 250℃ GHSV = 12000h-1 

 

3.4.  Characterization of spent catalysts 

Ni40 and Ni40La2 samples were characterized via XRD (Fig. 1D) and TEM (Fig. 7) after 

temperature-programmed methanation tests carried out with GHSV=12000h-1. In order to 

examine structural and morphological changes in the catalysts the obtained results were 

compared to the ones registered for reduced samples.  

XRD analysis showed that no changes of crystallite size were found for the spent (Fig. 

1D) catalysts in comparison to reduced ones (Fig. 1D). Additionally no reflections arising from 

graphite phase were observed for diffractograms of spent catalysts, thus formation of graphite 

due to coking may be excluded, which is in good agreement with Garbarino et al. [35] and 

Abate et al. [11] who confirmed the absence of carbon depositions on Ni-Al-HT catalysts in 

CO2 methanation. This stays in line with the results of TEM analysis (Fig. 7 B and D) as no 

carbon was observed in the TEM images recorded for spent samples.  
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The mean size of Ni particle size measured via TEM were in the same range as the 

values obtained from XRD (Table 2). Interestingly, Ni40_red sample exhibited larger Ni 

crystallite size than the spent catalysts, pointing to reorganisation of Ni crystallites upon 

methanation reaction. On the other hand, La promoted catalysts exhibited a small increase in 

Ni particle size upon methanation reaction indicating sintering of Ni species. As confirmed by 

H2-TPR, La addition increased the reducibility of Ni species via decreasing interactions 

between nickel species in periclase hydrotalcite-derived structure and Mg(Ni,Al)O mixed 

oxides, which may explain small sintering of Ni crystallites observed for La promoted sample.  
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Figure 7 TEM images and corresponding Ni particle size distribution of: a) Ni40 reduced, b) Ni40 spent, 

c) Ni40La2 reduced and d) Ni40La2 spent 

 

3.5. HERFD-XANES  

XANES spectroscopy was employed to study the local coordination and oxidation state 

of nickel in hydrotalcite-derived catalysts during reduction and CO2 methanation processes. 
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The Ni K edge XANES spectra originate from symmetry-allowed transitions of 1s electron to 

excited vacant bound states. The weak pre-edge features arise from transitions of a Ni 1s 

electron to an unoccupied 3d orbital. Such transitions obtain their spectral intensity either from 

quadrupole transition matrix elements or dipole transitions in absence of inversion symmetry 

around the Ni site. In the latter case, p- and d-orbitals may belong to the same irreducible 

presention of the appropriate point group symmetry enabling mixing between the two. The 

main absorption edge features arise from the dipole-allowed 1s → 4p transition [36, 37]. Figure 

S2 compares the spectra of reference samples (Ni foil and NiO) with Ni40 catalyst after each 

preparation step (calcination and reduction). The spectrum of Ni40_fresh represents double-

layered hydrotalcite structure, whereas the Ni40_calc shows mixed-oxides periclase-like 

structure. The higher intensity of the pre-peak for Ni40_calc sample in comparison to NiO and 

Ni(OH)2 suggests stronger distortion of Ni octahedral sites in the calcined material due to nano-

size structure of nickel species and a relatively large surface-to-volume ratio [38]. The X-ray 

absorption spectrum of Ni40_red_700 catalyst is similar to that of Ni_foil but with less 

pronounced spectral features, indicating total reduction of Ni(II) to Ni(0) and the formation of 

small Ni(0) nanoparticles without long-range structure ordering.  

Additionally, the reduction process was monitored to follow the changes in the local 

environment of Ni. The systems were annealed in H2/He from room temperature to 750 oC and 

the process of gradual reduction of the calcined catalysts is depicted in Figure 8. There was a 

monotonic decrease in the white line intensity and simultaneous evolution of pre-peak feature 

with increasing reduction temperature for both catalysts, indicating a transition of nickel oxide 

nanoparticles to Ni metallic nanocrystallites. Both catalysts were fully reduced after 30 minute-
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treatment in H2/He flow at 750oC, while the spectral features of oxide phase completely 

disappeared.  
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Figure 8 Evolution of HERFD-XANES spectra of Ni40 and Ni40La2 catalyst during in-situ reduction 

process 
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To elucidate the influence of reaction reagents on the Ni state, the catalysts were 

exposed separately to a stream of H2 and CO2, as well as to their mixture. After the reduction 

process was completed, the temperature was decreased to 300 oC and the catalyst was treated 

with a flow of 30 % H2/He. At such conditions, the HERFD-XANES spectra of Ni40_H2 and 

Ni40La2_H2 are almost identical to those collected after reduction at 700 oC. Subsequently the 

catalysts were exposed to a flow of 12% CO2/He at the same temperature. In the case of 

Ni40_CO2 only small changes in the spectral features are observed in comparison to the 

Ni40_H2 spectrum (Fig. 9). On the other hand, a considerable decrease of the pre-edge peak 

intensity and the corresponding increase in the white line can be clearly seen for Ni40La2_CO2 

(Fig. 10). This large difference in the behaviour shows that nickel in the Ni40La2 easily reacts 

with CO2, indicating a strong influence of La on the Ni chemical state. At the methanation 

reaction conditions, the state of Ni in Ni40 sample did not change while for Ni40La2 the 

intermediate state between reducing (H2) and oxidant (CO2) conditions was observed. This fact 

explains the crucial role of La doping in enhancing the activity of hydrotalcite-derived catalysts 

in methanation reaction. 
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Figure 9 Evolution of the Ni K edge HERFD-XANES spectra of Ni40 catalyst under dynamic atmospheric 

conditions. 
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Figure 10 Evolution of the Ni K edge HERFD-XANES spectra of Ni40La2 catalyst under dynamic 

atmospheric conditions. 

 

The linear combination fitting (LCF) is a standard tool for calculation the content of 

various fractions in the multi-compound materials, thus applicable to catalytic systems as well. 

We applied this procedure to our samples and the results are depicted in in Figure S4 and Table 

S1. They show that only 0.6% of Ni was oxidized to Ni(II) for Ni40_CO2 while for 

Ni40La2_CO2 almost 40 % of nickel was present as NiO phase. The addition of H2 to CO2 

flow resulted in the decrease of NiO content to 19 % in Ni40La2_H2+CO2. 

 

3.6. ctc-XES 

The excited state created after photoionization of the K-shell decays radiatively via a 

2p/3p → 1s electron transition. The Kβ (3p → 1s) emission has significant chemical sensitivity 

due to the exchange interaction between the unpaired 3p electron and 3d electron spins leading 

to the appearance of Kβ main line features – Kβ’ and Kβ1,3. These features are a good probe 

for local spin moment [39]. Variation of the local spin moment can be due to a change in metal 

oxidation state, modification of the degree of covalency or a transition between spin 

configurations [40-42]. In the present work Kβ emission spectroscopy was applied as 

supplementary technique to XAS in order to determine the nickel state at various reaction steps 

and conditions and confront the results with the LCF of XANES spectra. The emission spectra 

of both catalysts collected during the operando experiments are exhibited along with Ni(0) and 

Ni(II) reference samples (Ni foil and NiO respectively) in Figure 11. The spectra of the catalyst 

recorded at various conditions (stream of H2, CO2, CO2+H2) lie in between the ones of Ni2+ 

and Ni0 indicating changes in spin state and thus oxidation degree. In order to carry out 
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quantitative analysis of two phases occurring in the catalyst we applied the integrated absolute 

difference (IAD) method that takes into account the absolute value of the difference between 

sample spectrum and a reference spectrum as described by Vanko et al. [43, 44]. As the 

reference samples, we used Ni40_calc and Ni40La2_calc for respective catalyst groups. Figure 

12 exhibits the results of the IAD analysis as a function of Ni(II) phase fraction in percentage 

compare with the LCF analysis obtained from XANES measurements. The results of those two 

method follow the same trend but different values of Ni(II) content were obtained, especially 

in the case of Ni40La2 catalyst under CO2 atmosphere This difference may originate from the 

fact that XANES spectroscopy is much more sensitive to local chemical state of probing 

element allowing discrimination between similar compounds, whereas Kβ XES spectroscopy 

probes global chemical environment resulting in similar spectra for the compounds with the 

same spin state.  
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Figure 11 Evolution of the Ni core-to-core Kβ XES spectra of Ni40 and Ni40La catalysts under dynamic 

atmospheric conditions along with the spectra of NiO and Ni foil standards.  
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Figure 12 Comparison of Ni(II) fraction in Ni40 and Ni40La2 under various treatment calculated with 

LCF (linear combination fitting) and IAD (integrated absolute difference) methods; the spectra of 

Ni40_calc and Ni40La2 were used as references for IAD analysis.  

 

3.7. vtc-XES 

Valence-to-core X-ray emission spectroscopy (vtc-XES) has been applied to gain 

insight into the type of Ni surrounding atoms since this technique is able to distinguish between 

ligands possessing a similar atomic number [22, 45, 46]. The Kβ” and Kβ2,5 features emerge 

from electronic transitions between the valence bands and the 1s core hole of a transition metal. 

The environment of nickel in Ni40 and Ni40La2 samples was probed by vtc-XES at the same 
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preparation steps and model conditions as for ctc-XES and HERFD-XANES. The spectra of 

Ni40_calc and Ni40La2_calc are almost identical and they show a very high degree of 

similarity to the spectrum of NiO shown on Figure 13, with two intense peaks of Kβ2,5 at 8325.9 

and 8330.6 eV, and a broad Kβ” feature at the lower energy range. 

Clear changes in the vtc-XES data (Fig. 13) were detected after the reduction process. 

The nickel oxide nanoparticles present after calcination were converted into Ni nano-metallic 

species, involving transition of Kβ2,5 features into one peak with the maximum at 8329.7 eV 

and almost total disappearance of Kβ” signal, identical to Ni foil. The exposure of the catalysts 

to CO2 flow led to a remarkable change in the XES spectra. As oxidation proceeded, the 

decrease in the intensity of the peak at 8329.7 eV and the evolution of the shoulder at ca. 8326 

eV occurred in the case of Ni40_CO2, suggesting that the surface of Ni nanoparticles was 

covered with oxygen atoms. On the contrary, CO2 treatment of Ni40La2_CO2 sample led to 

the severe oxidation of Ni(0) species and their conversion into NiOx nanoparticles, as suggested 

by the shape of vtc-XES spectrum. After the introduction of CO2/H2 mixture an evolution of 

vtc-XES spectra was observed indicating a return transition of oxidized Ni species to the 

metallic phase for Ni40_CO2+H2 catalysts and the formation of mixed NiO/Ni0 nanoparticles 

on the surface of Ni40La2_CO2+H2. The obtained results prove that the presence of La strongly 

accelerates CO2 chemisorption on the nickel particles. According to literature [47-49] in the 

methanation process carbon dioxide undergoes dissociative adsorption to COads and atomic 

Oads species, followed by further dissociation of COads to a carbon intermediate.  

However, our results show that CO2 adsorption is dominating and the formation of Cads 

and CHXads could not be confirmed by the applied XES technique.  
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Figure 13 Evolution of the Ni valence-to-core Kβ XES spectra of Ni40 andNi40La2 catalysts under 

dynamic atmospheric conditions. 

 

4. Conclusions 

Lanthanum promoted nickel containing hydrotalcite-derived materials were prepared using 

co-precipitation method at constant pH. All obtained catalysts were characterized by XRD, low 

temperature N2 sorption, XRF, XRD, H2-TPR and CO2-TPD TEM, operando HERFD-XANES 

and XES and tested in the reaction of carbon dioxide methanation at GHSV = 12000h-1, 24000 

h-1 and 36000 h-1 using a mixture of CO2/H2/Ar = 3/12/5.  
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The incorporation of lanthanum (i) weakened the interaction of nickel with the supports 

matrix (H2-TPR), which resulted in increased reducibility of the La promoted catalyst and (ii) 

changed the distribution of basic sites, as well as the total number of basic sites, which was 

almost doubled. TEM analysis revealed that the distribution of crystallite size of metallic nickel 

was shifted towards lower values after incorporation of lanthanum for reduced samples. Both 

catalysts showed very high catalytic activity in CO2 methanation reaction carried out at 

different gas hourly space velocity.  

The operando HERFD-XANES experiments revealed that introduction of La into Ni-

containing catalyst strongly influenced nickel state under dynamic reaction conditions. In the 

presence of La, the nickel underwent deep oxidation due to increased chemisorption of CO2 

whereas in the case of catalyst without promoter only small fraction of nickel was transform 

from metallic to oxide state.  

Employment of IAD analysis for Kβ mainline data processing allowed determination of Ni 

oxide content at various model reaction conditions and confirmed possible application of this 

method for in-situ experiment.  

The valence-to-core XES measurements suggested that CO2 adsorption process is not a 

limiting step in methanation mechanism however formation of Cads and CHXads cannot be 

observed under applied conditions. 
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Figure Captions 

Figure 1. XRD patterns of a) as-synthesized b) calcined c) reduced d) spent (after catalytic 

tests) catalysts 

Figure 2. H2-TPR profiles of the calcined materials 

Figure 3. CO2-TPD profiles of the reduced materials 

Figure 8. CO2 conversion versus temperature at GHSV = 12000, 24000 and 36000h-1 for the 

studied catalysts 

Figure 9. CH4 selectivity versus temperature for obtained catalysts 

Figure 10. 24h stability tests performed at 250℃ GHSV = 12000h-1 

Figure 11. TEM images and corresponding Ni particle size distribution of: a) Ni40 reduced, 

b) Ni40 spent, c) Ni40La2 reduced and d) Ni40La2 spent 

Figure 8. Evolution of HERFD-XANES spectra of Ni40 and Ni40La2 catalyst during in-situ 

reduction process 

Figure 9. Evolution of the Ni K edge HERFD-XANES spectra of Ni40 catalyst under dynamic 

atmospheric conditions. 

Figure 10. Evolution of the Ni K edge HERFD-XANES spectra of Ni40La2 catalyst under 

dynamic atmospheric conditions. 

Figure 11. Evolution of the Ni core-to-core Kβ XES spectra of Ni40 and Ni40La catalysts 

under dynamic atmospheric conditions along with the spectra of NiO and Ni foil standards. 

Figure 12. Comparison of Ni(II) fraction in Ni40 and Ni40La2 under various treatment 

calculated with LCF (linear combination fitting) and IAD (integrated absolute difference) 

methods; the spectra of Ni40_calc and Ni40La2 were used as references for IAD analysis. 
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Figure 13. Evolution of the Ni valence-to-core Kβ XES spectra of Ni40 andNi40La2 catalysts 

under dynamic atmospheric conditions. 
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