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Abstract 

 Mechanochemical CO2 methanation reactions using LaNi5 and LaNi4.6Al0.4 hydrogen storage alloy 

powders were investigated by the in-situ monitoring of the gas pressure change during ball-milling. 

Methane generation begins when the H2 partial pressure drops due to the H-uptake by the powder. 

Phase transition occurred in the sample after milling for 15 min and 224 min, with separate metallic 

Ni, La-oxide and La-hydroxide phases observed. Methane generation continued even after this phase 

separation. Our results imply that the formation of La-hydroxide at the surface and sub-surface 

contributed to methane generation during ball-milling. A comparison of LaNi5 and LaNi4.6Al0.4 

quantities suggests the amount of hydrogen stored in the hydrogen storage powder dominates the 

timing of the onset of the methane generation. 
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Introduction  

Since global warming is proceeding more rapidly than anticipated, the need for radical reductions 

in CO2 emissions has become more pressing. One approach which has been suggested is to capture 

and utilize CO2 [1–4] by forming CH4 [5–7] using a process known as the Sabatier reaction (CO2 

methanation reaction). In this process, CH4 can be generated from hydrogen produced from water 

electrolysis. This can be done using renewable energy and either atmospheric CO2 or exhausted CO2 

directly from carbon-based fuel combustion sites.  

According to the suggested reaction for the Sabatier reaction, high temperatures in the range of 300 

oC ~ 400 oC are required in the presence of a catalysts like Ni [8,9]. 

CO2 + 4H2 ⇔ CH4 + 2H2O   ΔHo 
298 K = -165 kJ/mol (1) 

Significant research effort has been dedicated to the search for more active catalysts, with the main 

focus on Ni-based catalysts supported on different metal oxides [10–18] e.g. Ni/Al2O3[19–24], sponge 

Ni/CeO [25] and Ni/ZrO2 [26–31]. Methanation of CO2 using LaNi5 powder was first reported by 

Ando et al. in 1999 [32]. Recently, Rivero-Mendoza et al. reported the catalytic activity of the La-

Ni/γ-Al2O3 catalyst/support upon the CO2 methanation reaction [33], with the generation of 

catalytically active Ni/LaOx interfaces during the reaction. The drawback of this study was that a 

reaction temperature of over 350 oC was required to reach a CO2 conversion rate of higher than 80%. 
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In a recent report by Hirata and Fukuhara [34,35] it was revealed that a small amount of O2 in the 

inlet gas mixture automatically initiates the methanation reaction at much lower temperatures of about 

50 oC. The heat of formation of water increases the catalyst surface temperature to about 500 oC, which 

was sufficient to drive the methanation reaction. It is also possible to reduce the reaction temperature 

by a mechanochemical reaction. In 1996, Mori et al. reported a mechanochemical CO2 methanation 

reaction by the ball-milling of Ni, Fe or Ru together with MgO in a CO2 + H2 atmosphere [36].  

In earlier studies by our group, we have reported on the CO2 methanation reaction by the ball-milling 

process using LaNi5 alloys [37–39]. The ball-milling of LaNi5 powder in a mixture of CO2 + H2 gases 

was found to successfully result in CH4 generation. Upon the CO2 methanation reaction, the LaNi5 

was found to form a decomposed nanostructure of nanocrystalline Ni-particles embedded in different 

lanthanum compounds, including La-oxides, La-hydroxides and La-hydroxycarbonates [37]. This 

kind of decomposition was confirmed by atom probe tomography (APT) to be phase separation, where 

the resultant nanostructure showed phase separation at a scale of several tens of nanometers after the 

mechanochemical methanation reaction [37]. A comparison of the thermally driven methanation 

processes with the methanation reaction driven by mechanochemical methanation is expected to reveal 

the impact of the decomposed nanostructure on the methanation reaction (mechanochemical 

methanation). 



4 

 

 In 1977, Soga et al.[40] investigated the impact of atomic H supply from LaNiHx hydride on the 

hydrogenation of ethylene to form ethane and showed that the kinetics of the hydride were faster than 

those of the LaNi5. Similarly, the hydrogenation of acethylene and propyne over hydrogenated ErNix 

was observed by Tsukuda et al. [41]. Kato et al. [42] discussed the effect of an atomic H-supply to 

a ZrCo hydrogen storage alloy on the CO2 methanation reaction. They conducted a ToF-SIMS 

analyses and concluded that the reduction of surface Co-oxide is crucial to provide a fresh metal 

surface and an atomic H supply for the methanation reaction [40]. In both the reduction of CO2 

and the oxide, it has been reported that the atomic H-supply from the hydride phase was either 

directly or indirectly required for methanation [42]. The ball-milling process naturally offers 

newly created fresh surfaces of the milled powder by its own, which offers active reaction sites 

for the gas-solid reaction. 

In this study, we investigate the generality of the effect of atomic H supply from a bulk material 

by using ball-milled La-Ni based alloys like LaNi5 and LaNi4.6Al0.4. In an earlier study, a phase 

separation into metallic Ni and La-compounds was observed by atom probe analysis in the course 

of the mechanochemical process [37]. Upon the phase separation, it is assumed that H is desorbed 

when a bulk H-solid solution phase is present. Even though the initial surface of these alloys is 

oxidized, we assume that the desorption of H creates available sites for the reaction. The hydrogen 

solubility of LaNi4.6Al0.4 is superior to that of LaNi5 (at the same H2 pressure). Because more 
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hydrogen is in the solute phase, more atomic H-supply for methanation is potentially available in 

the LaNi4.6Al0.4 alloy than LaNi5. That is, assuming the atomic H supply directly plays a role in 

the methanation reaction, these two alloys differ substantially. 

 Herein, we investigated the impact of the atomic H supply on the mechanochemical CO2 

methanation reaction on LaNi5 and LaNi4.6Al0.4 by the in-situ monitoring of the reacting gases. 

We discuss the related sequences of phase separation responsible for methane generation.  

 

Experimental 

 

Sample preparation and mechanochemical CO2 methanation experiment 

Lumps of LaNi5 (Sigma Aldrich) were crushed and sieved down to particle sizes of 53 – 75 µm. 

The LaNi4.6Al0.4 powder (The Japan Steel Works, LTD) was pulverized in a hydrogen atmosphere 

to particle sizes of below 45 µm. A homemade high-pressure Sieverts’ type apparatus and a 

vibratory ball-milling apparatus (Nissin Giken NEV-MA-8) were connected in order to introduce 

H2 gas and CO2 gas separately and to monitor the pressure inside the vial. Right at the top of the 

vial, a gas sampling port with plastic septum was mounted to sample the gas with a micro-syringe 

to allow for gas composition analysis. The gas inside the vial was analyzed by gas 

chromatography (GC, Shimadzu GC-14B) with a thermal conductivity detector (TCD). The 
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carrier gas was 99.99% N2 with a flow rate of 40 ml / min. A packed column of Shincarbon ST 

from Shinwa Chemical Industries Ltd, was used. The temperature at the injector, the detector and 

the column was set to 150 oC, respectively. The gas composition was calculated by taking into 

account the gas sensitivity factor determined by calibration measurements using standard gases. 

Fig. 1 shows a schematic picture of the experimental set up. LaNi5 or LaNi4.6Al0.4 powder (0.500 

g each) together with ten balls (10 mm-diameter) made of SUS304 were placed in a vial made of 

SUS304. The vial interior was then evacuated below 5 Pa by an oil rotary pump (Hitachi Co. Ltd.), 

followed by the injection of H2 (Purity: 7N) and CO2 (Purity: 99.5%) gas using the Sieverts’ type 

apparatus. The ratio of CO2 and H2 was 1 : 1, which is off the ratio of Sabatier reaction (see Eq.1) 

to allow for detection of least-sensitive CO2 by the TCD. Before ball-milling, the initial gas 

composition was checked by GC. 

During ball-milling, the gas pressure was measured by Sieverts’ type apparatus and the gas 

composition was analyzed by GC intermittently. A vibratory ball-milling apparatus was used at a 

vibration frequency of 11.7 Hz for 0.25 h – 224 h. The vial temperature was kept at 20 ℃ by 

running water during milling. Detailed milling conditions are summarized in Table. 1.  
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Table. 1 Ball-milling conditions 
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Figure 1 Schematic drawing of the experimental apparatus. A homemade Sieverts’ type 

apparatus is connected with a vibratory ball-milling apparatus. The sample is hosted in the 

ball-milling apparatus. 
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Characterization of powder sample 

Phase identification of the milled powder was carried out by X-ray Diffraction (XRD) using 

Rigaku, Miniflex 600 (40 kV, 15 mA, Cu Kα with λ= 0.15405 nm). The particle sizes and 

elemental compositions of the powder samples before and after milling were examined by 

Scanning Electron Microscope (SEM) and Energy Dispersive X-ray Spectroscopy (EDX) with 

JEOL, JSM-7100F. The surface of the powder samples was analyzed by X-ray photoelectron 

spectroscopy (XPS) with ULVAC-PHI, PHI Quantera II (Al Kα with 1486.6 eV). The spectra 

fitting and peak separation treatment were performed using PHI Multipak (ULVAC-PHI). The 

O1s and La3d spectra were fitted with gaussian / Lorentzian line shapes and a Shirley background.  

 

Results and discussion  

Gas composition analysis 

Fig. 2 shows the results of the gas composition analysis by GC during ball-milling of LaNi5 in 

H2 and CO2, after different milling times. A peak of CH4 starts to appear after milling for 3 h (Fig. 

2 (b)). After milling for 24 h, the CO2 peak totally disappears, and only H2 and CH4 peaks remain 

(Fig. 2 (c)). Further ball-milling resulted in even more pronounced CH4 generation (Fig. 2 (d)). 

These results hint that CO2 was consumed by the forming of carbonates, for example.  
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Fig. 2 GC results obtained during ball-milling of LaNi5 (0.500 g) under CO2 and H2 atmosphere with ball-

milling times of (a) 0 h, (b) 3 h, (c) 24 h, (d) 224 h. 
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Gas pressure analysis 

The result of in-situ pressure monitoring analysis during ball-milling of LaNi5 is shown in Fig. 

3. A characteristic change in pressure at early periods of ball-milling (1 h ~ 4 h) was observed, as 

shown in Fig. 3 and its inset. At the period of 0 – 1 h, the total pressure abruptly decreased, 

followed by temporarily increase within the period of 2 – 4 h. Further milling again causes gradual 

pressure drop with time, while the pressure tends to stabilize when the milling time exceeds 20 h. 

This suggests that the mechanochemical CO2 methanation reaction has actively progressed until 

the milling time of 20 hours. 
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Fig. 3 Change of gas pressure obtained during ball-milling of 0.500 g LaNi5 powder under CO2 and H2 

atmosphere. The inset shows the reaction behavior of early stage until 40 hours. 
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Change of gas composition 

Fig. 4 shows the change of gas composition during the ball-milling process. The gas composition 

was carefully examined by using results of gas composition analysis by GC and gas pressure 

analysis as obtained in Fig. 3. It is clearly shown in Fig. 4 that the initial pressure drop observed 

in Fig. 3 was due to decrease of the H2 gas present in the milling vial. This might be due to the 

milling-induced hydrogen absorption by LaNi5, since newly created surfaces by milling are 

typically active for H-uptake. Another possibility could be H2O formation, as the Sabatier reaction 

involves the formation of H2O. It was determined, however, that this was not the case since no 

CH4 formation had been observed at this point: this should occur simultaneously with the H2O 

formation. Moreover, the observed pressure drop of H2 takes place even if the ball-milling is 

conducted in pure H2 atmosphere (Supplementary, Fig. S1). This suggests that the H2 pressure 

drop is mainly due to the hydrogen uptake of the LaNi5 alloy powder. 

It was found that the H2 pressure gradually increases after this observed pressure drop of H2. 

This sluggish behavior could be H2 desorption from LaNi5 due to the mechanical impact and the 

concomitant temperature increase of the powder. Another possibility is the decomposition of H2O. 

Once formed H2O, by the Sabatier reaction can decompose into hydrogen and oxygen by ball-

milling process using balls and vial made of stainless steel, as reported by Sawama et al.[43]. The 

reported water decomposition was considered as a result of oxidation reaction of Fe and Cr in the 
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SUS304 powder which was scrubbed by the milling process, thereby a small amount of H2 is 

emitted as gas [43]. That is, the gradual observed increase in H2 pressure in our study could be 

the result of such water decomposition. This should, however, induce oxidation of the LaNi5 

powder at the same time. Eventually, a complex nanostructure with metallic Ni embedded in La-

compounds emerges, as observed by APT [37]. Note that as this powder sample is in the process 

of being phase decomposed, CH4 generation remains active, as the amount of CH4 continues to 

increase with prolonged ball-milling time. The same trend was observed when LaNi4.6Al0.4 was 

similarly ball-milled (Supplementary S2). This is probably because the metal/oxide nano-

composites are analogue to the conventional catalyst as a result of the mechanochemical process 

itself, which may have allowed catalytic CO2 methanation without further compositional change 

of the original alloy phase to have continued. 
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Fig. 4 Change of gas volume fraction during mechanochemical CO2 methanation reaction over 

LaNi5 under a CO2 and a H2 atmosphere. The H2 content in the gas mixture shows a drastic decrease 

before 70 min., and then gradually increases. The sum of CO2 and H2 should be 1. 
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XRD 

The crystal structure of the milled LaNi5 powder was characterized by XRD. Fig. 5 shows the 

XRD results of the powder milled in the H2 + CO2 atmosphere after different milling periods. 

Also included are some reference pattern positions, marked with red triangles (LaNi5, green dots 

(La-oxide/hydroxide or carbonate) and Ni (stars) [44–49]. Milling for 15 min results in peak 

broadening, but still verifies the original structure of LaNi5. After milling for 45 min, the powder 

shows a trace of phase separation, indicating a weak Ni peak at around 44o. Further milling results 

in even more pronounced phase separation, as Ni peaks clearly start to grow with increasing ball-

milling time. The small hump visible at around 29o could be assigned to the strongest peak of 

La2O3 or other La-compounds. It is likely that La is in the form of a fine oxide, hydroxide or 

carbonate state, maybe at the nanometer scale, and therefore cannot be unambiguously separated 

by XRD measurements. A similar phase separation of the LaNi5 powder was also confirmed by 

Yatagai et al. [37] in their experiment using planetary ball-mill.   
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Fig. 5 (a) XRD patterns of LaNi5 after milling for 224 min., 150 min., 80 min., 45 min. and 15 min. 

Reference peak positions of Ni (blue open star) [46], La [47], La2O2CO3 [49], La2O3 [44], La(OH)3 

(green filled circle) [48] and LaNi5 (red filled triangle) [45] are indicated together. (b) 

Corresponding sequence of pressure change during ball-milling, indicating each time (15 min. – 

224 min.) where XRD measurements were carried out as marked by different symbols. A Ni-phase 

becomes visible after milling for 45 min. 

(a) 

(b) 
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SEM-EDX  

The SEM images of unmilled (Fig. 6 (a)) and ball-milled LaNi5 powder samples after milling 

for (b) 15 min, (c) 80 min, (d) 150 min and (e) 224 min, respectively, are shown in Fig. 6. 

According to Fig. 6, the particle size of the as-received sample LaNi5 powder was 53-75 µm. 

These large particles were pulverized down to several tens of µm in a short milling period of 15 

min. Prolonged milling reduces the large particle size only to some extent. Indeed, ball-milling 

for 224 min did not result in significant particle large size reduction. Rather, the agglomeration 

of the particles becomes visible. In between the large particles, a powder with particles sizes of 

less than 5 µm, can be seen. These tiny particles also cover the larger particles. The particle size 

distribution looks broad (Supplementary S3), suggesting a bimodal distribution. 

Note that an abrupt H2 pressure drop was observed in the period of 0 ~ 80 min (Fig. 4). In this 

same period, the large particle size reduction was also significant, and few small particles remain.  
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Fig. 6 SEM image of as received sample (a) and powder samples after milling for (b) 15 min, (c) 

80 min, (d) 150 min and (e) 224 min. After ball-milling, particle sizes obviously decreased, but 

extended ball-milling over 70 min did not result in efficient particle size reduction of the larger 

particles. 
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It is well known that ball-milling often induces sample contamination [50]. In our study, 

contamination from the SUS304 balls and vial was confirmed, as shown in Figure 7. Except for 

the partial segregation of Fe within the shown particle, Fe was distributed homogeneously 

throughout the entire particle.  

While the prolonged milling time did not result in the drastic particle size reduction of the larger 

particles, greater Fe contamination was found, as indicated in Table. 2 and Fig. 8. The Fe and Cr 

concentration exceeded 50 at.% and 16 at.%, respectively, after 24 hours of ball-milling. The 

increase of Fe and Cr concentration is monotonic with time. Between 24 h and 224 h, no 

significant difference was found between cFe and cCr, nor was the difference in the sizes of the 

large particles significant (Fig. 6). This could be due to the effect of mechanical impact absorption 

by contaminant particles from the SUS304 balls and vial. It is assumed that the sample powder 

and SUS contamination from the vial and balls behave like a buffer agent [51] as the ball-milling 

time increases. Hence, the sample powder was less likely to be pulverized and contaminated after 

long ball-milling for 24-224 hours.  
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Fig. 7 EDX mapping images of LaNi5 powder sample after milling for 150 min. 
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Fig. 8 Change of sample composition. The composition stabilizes after milling for 24 hours. 
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Table. 2 Results of semi-quantitative analysis of sample composition at each period of ball-milling 

under CO2 + H2 
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XPS  

In air, the surface of LaNi5 tends to form lanthanum oxide and hydroxide [52]. Moreover, in the 

presence of water and CO2, lanthanum oxide forms hydroxide and carbonate, respectively [52]. 

Because the XPS La 3d5/2 spectra have well separated spin-orbit components [53], the Lanthanum 

chemical bond can be assigned by the different splitting of these twin peaks. It has been reported 

that the width of the La 3d5/2 twin peaks have a splitting width of about 3.5 eV [54,55], 3.9 eV 

[52,56,57] and 4.6 eV [52,53,55–62] for lanthanum carbonate, hydroxide and oxide, respectively.  

Figure 9 shows the La 3d5/2 spectra obtained from the as prepared sample and the sample after 

milling for different periods. Reference values of the binding energy and the width of the twin 

peaks (ΔB.E.) of La3d5/2 reported in the literature are listed in the supplementary information 

(Table S1) with the experimental values from this study. In this study, the ΔB.E. of the as-prepared 

sample at the surface was 3.58 eV. This implies that the initial surface of LaNi5 consists of La-

carbonate (e.g. La2(CO3)3 : ΔG o = -3141 kJ/mol [63]) together with La2O3. This may be because 

the sample was stored under an atmospheric dry air condition. However, the XRD measurements 

did not show any clear indication of carbonates: this was probably due to the extremely thin 

carbonate layer on the surface.   

After milling for 15 min (where the abrupt pressure drop shown in Fig. 2 was recorded), the 

chemical state of the surface has changed to a hydroxide-like state (ΔB.E. = 3.78 eV). After further 
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milling for 150 min, the same hydroxide-like state at the surface (ΔB.E. becomes larger) still 

holds, and the peak height decreased. We should note that methane generation occurs at this point 

(see Fig. 4). CO2 methanation and concomitant water formation at the surface is suggested here. 

Even longer milling for 224 min, however, indicated again higher peaks, while the ΔB.E. was 

almost the same value as that of 150 min.  

The chemical state below the top surface (sub-surface) was somewhat different. Fig. 9 (b) shows 

the spectra obtained after sputtering for 3 min with 2 kV Ar ion. The as-received sample shows 

ΔB.E. of about 4.03 eV, which suggests the presence of hydroxide. The chemical state seems to 

hold similar sate (ΔB.E. = 3.79 eV) even after milling for 15 min, showing the same trend as the 

top surface state (Fig. 9). However, the chemical state below the surface changes to an oxide-like 

state after milling for 150 min, where the ΔB.E. broadens to 4.34 eV. This was not seen at the top 

surface: the top surface was hydroxide-like at this stage according to the spectrum in Fig. 9 (a). 

Interestingly, this stage corresponds to where the onset of methane generation was observed (Fig. 

4). Extended milling time (extended reaction time) ends up with the chemical state below the 

surface showing ΔB.E. = 4.1 eV, which could be interpreted as both oxide and hydroxide. The 

spectra of O1s (Supplementary Fig. S4) also suggests the above-mentioned trend of chemical 

states both at the surface and in the sub-surface.   
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La2O3 is hygroscopic and forms La(OH)3 under the presence of water. Water should be present 

during the milling in the current study if Eq.(1) is assumed, which would result in the conversion 

of La2O3 to La(OH)3. It seems unlikely that the hydroxide state (e.g. La(OH)3; ΔG o = -1278 

kJ/mol) [63] and oxide state (e.g. La2O3: ΔG o = -1705 kJ/mol) [63] switches back and forth near 

the powder surface in the course of milling time, because the dehydration reactions of La(OH)3 

to LaOOH and 2LaOOH to La2O3 occur at above 330 oC and 550 oC, respectively [64]. These 

temperature ranges are much higher than those in our experiment. We speculate that the observed 

coexistence of La-oxide and La-hydroxide could be a result of non-equilibrium state induced by 

mechanochemical reaction as often observed in different metal oxide systems where oxides could 

be reduced by ball-milling (for example) [65]. Water molecules generated from dehydrated La-

hydroxide could then also be reduced by the mechanochemical process in a similar manner as that 

reported in an earlier study [43], yielding H2, which might be considered as an additional H-

supply for CO2 methanation. 
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Figure 9 XPS spectra around La3d5/2 obtained from LaNi5 powder after mechanical CO2 

methanation experiments at different milling periods (a) top surface (b) sub-surface, after 

sputtering for 1 min by 2 kV Ar+. 
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LaNi5 vs. LaNi4.6Al0.4 

LaNi5 and LaNi4.6Al0.4 have different H-solubilities at similar H2-partial pressures. In our 

experiment on LaNi5, the initial partial pressure of H2 in the vial was 0.05 MPa. At this H2 pressure 

and at 293 K, the equilibrium H solubility in LaNi4.7Al0.3 is 5.8 times larger than that of hydrogen 

in LaNi5, as reported by Suzuki et al. [66]. That is, that the atomic H supply for LaNi4.6Al0.4 is 

greater than that of LaNi5.  

The change of the gas composition (H2 and CH4) over the reaction time is shown in Fig. 10 in 

the normalized scale, as recorded by the in-situ pressure monitoring of LaNi5 powder and 

LaNi4.6Al0.4 powder. The trend is similar in both cases; H2 is mainly consumed within the first 

several minutes and the H2 partial pressure continues to decrease for a time span of 50 min, and 

then increases again before stabilizing at a certain value. Methane generation occurs at around 

120 min in case of LaNi5, while the reaction in LaNi4.6Al0.4 is faster, with methane generation 

starting at around 70 min. The observed drop in the H2 amount in both samples can be compared 

at the normalized scale shown in Fig. 10. Clearly, early stage H2 consumption is larger for 

LaNi4.6Al0.4 than for LaNi5, as indicated by the green curve, which lays below the purple curve. 

This is due to the larger H-solubility of LaNi4.6Al0.4 than LaNi5 and should result in a higher 

amount of atomic hydrogen being available for the subsequent methanation reaction. This once 

absorbed atomic H can be pushed out from the internal regions by the mechanical impact during 
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the milling process and concomitant heat dissipation. It may also contribute to the phase 

separation at later stages. Hence, the suggested mechanism of atomic H supply suggested by Kato 

et al. for the methanation reaction on ZrCo should be valid also in the case of mechanochemical 

CO2 methanation on La-Ni alloys at least at its onset. Prolonged ball-milling induces the phase 

separation of the LaNix alloy into Ni and different La-compounds, mainly including La-oxides. It 

is assumed likely that the Ni/Oxide interfaces which resemble normal catalyst/support composites 

are also responsible for further mechanochemical CO2 methanation. 
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Fig. 10 Change of normalized volume fraction of H2 and CH4 during mechanochemical CO2 

methanation by ball-milling of LaNi5 or LaNi4.6Al0.4 powder under H2 + CO2 mixture gas. 
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Summary 

In this study, we reported the in- situ monitoring results of CO2 methanation reaction over La-

Ni based alloy powders by mechanochemical ball-milling in a mixture CO2 and H2 gases. CH4 

was generated after milling the alloy powders for 3 hours. CO2 completely disappeared from the 

gas mixture after milling for 24 hours, suggesting La-carbonate formation, as indicated by the 

XPS results. Notably, CH4 continued to be yielded even after the disappearance of CO2 in the 

reaction vial. This suggests that these carbonates are carbon sources for the mechanochemical 

methanation reaction, as was suggested in our previous study. After milling for 15 min and 224 

min, the sample formed La-hydroxide. These results indicate that the formation of La-hydroxide 

at the surface and sub-surface likely has a positive impact on methane generation by ball-milling, 

where various non-equilibrium mechanochemical reactions could be involved. This aspect 

requires more attention as a future research topic. 

The in-situ pressure measurements revealed a characteristic pressure drop at the early stages of 

the reaction: this was the result of hydrogen being consumed most probably due to the hydrogen 

uptake by the alloy powder. This is underpinned by Kato et al. by the faster hydrogen pressure 

drop for LaNi4.6Al0.4 than for LaNi5 due to the large difference in H-solubility. Moreover, the 

initiation of CH4 generation was earlier for LaNi4.6Al0.4 than in the case of LaNi5. Thus, hydrogen 

atoms once absorbed in the alloy powder are continuously supplied to the alloy surface by 
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subsequent phase separation during ball-milling, thereby resulting in the faster initiation of the 

methanation reaction. While CH4 generation is being initiated, La-oxide was detected in the bulk 

region by both XRD and XPS results, hinting at the onset of phase separation. This also supports 

the hypothesis that the H-supply from the La-Ni based hydrogen storage alloys is accountable for 

CO2 methanation. Our results suggest that the mechanism is of general nature. At the same time, 

however, a phase decomposed structure with a Ni/Oxide interface resembling a usual catalyst 

composite is naturally established. This interface contributes to the CO2 methanation 

mechanochemically, since methane generation continues with ball-milling time.  
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