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A B S T R A C T

Development of methanation processes from metal carbonates is important for carbon-neutral energy systems, 
however, the high chemical stability of carbonates limits direct conversion to methane. Here, we report a 
mechanochemical approach for methane production from metal carbonates. Using a commercially available Ni/ 
Al alloy and H₂O, methane formation from relatively unreactive carbonates proceeded without external heating 
or hydrogen pressurization. Under the conditions, high yields of methane (up to > 99%) were obtained from 
several carbonates, especially calcium carbonate, manganese carbonate hydrate, and copper carbonate -copper 
hydroxide complex. X-ray photoelectron spectroscopy (XPS) analysis of the Ni/Al powder at different reaction 
stages suggested a reversible change in the nickel oxidation state [Ni (0) → Ni (II) → Ni (0)] during the process. 
The present method enables methane production under mild conditions and shows potential for improved energy 
efficiency compared with previously reported approaches.

1. Introduction

Reducing carbon dioxide (CO2) emissions, a major greenhouse gas 
that contributes to global warming, is a global challenge to meeting the 
goals of the Glasgow Climate Pact [1–9]. The overarching objective of 
the Accord is to restrict the increase in global temperature since the 
pre-industrial era to 1.5 ◦C. While the transition to low-carbon energy 
resources and improved energy efficiency are of paramount importance, 
achieving these goals without compromising industrial and economic 
stability requires more than just emission reduction. It also calls for 
technologies such as Carbon Dioxide Capture and Storage (CCS), which 
involves the separation, capture, and subsurface storage of CO2, and 
Carbon Dioxide Capture and Utilization (CCU), which includes the 
separation and capture of CO2 followed by its subsequent utilization. 
However, the potential of CCU is limited to applications such as dry ice, 
concrete materials, polycarbonate, or the fixation of organic com
pounds. One of the most significant and viable strategies to combat 
global warming is the conversion of CO2 into synthetic methane (CH4), 
followed by its use as a fuel in a carbon-neutral cycle. This approach 
serves as a direct alternative to fossil fuels. However, realizing this goal 

requires not only reducing energy input and costs associated with CO2 
capture and purification, but also ensuring that the overall costs and 
infrastructure required for the catalytic conversion of CO2 into methane 
are more competitive than those for natural gas.

Ball milling is a versatile and environmentally friendly technique 
that provides a robust foundation for advancing novel synthetic meth
odologies, aligning with the principles of green chemistry. Considering 
this, the present study has investigated the potential of ball-mill- 
mediated mechanochemical reactions across a broad range of organic 
transformations. The pursuit of carbon neutrality has resulted in a 
notable emphasis on CO2 capture, utilization and storage (CCUS) tech
nologies. A plethora of CO2-to-methane conversion methods have been 
developed and documented in review papers [10–20]. CO2 capture from 
industrial exhaust gases is a pivotal component of the CCUS technology. 
A simple method for capturing CO2 involves the use of alkaline water, 
where the conversion of CO2 into carbonate enhances CCUS processes by 
enabling CO2 storage at elevated concentrations. Calcium carbonate 
(CaCO3), the most abundant carbonate in Earth's crust and in stalactites, 
is mainly responsible for the long-term fixation of CO2 on Earth. 
Therefore, developing an effective method to convert CaCO3 to CH4 
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could provide a net-zero-emission fuel. Developing this ideal fuel is 
feasible without releasing more CO2 than was originally captured from 
the atmosphere, thereby establishing and maintaining a sustainable CO2 
cycle. The present study has established a method for the conversion of 
CaCO3 into CH4. However, conventional methods for converting 
chemically stable carbonates into CH4, including the decomposition of 
solid metal carbonates, typically require elevated temperatures and 
pressurized hydrogen (H2) [21–27]. Considerable research has focused 
on catalysts in the hydrogenation of carbonates to reduce hydrogen 
pressure and reaction temperature. As stated by Padeste et al. [21], the 
conversion of CaCO3 to methane and CO2 can be achieved at tempera
tures ranging from 527 to 700 ◦C and H2 pressures between 0.1 and 6.0 
MPa. Tsuneto et al. (1992) [22] reported that CaCO3 mixed with 2 wt% 
cobalt (Co) and nickel (Ni) powder was converted to a small amount of 
methane at 400 ◦C under a H2 atmosphere for 1 h. Yoshida et al. (1999) 
[23] reported that the catalytic hydrogenation of CaCO3 occurs at 
approximately 300 ◦C under a H2 atmosphere using palladium (Pd) and 
iridium (Ir) powder as catalysts to produce methane. Mesters et al. [24] 
demonstrated that magnesium carbonate (MgCO3) can undergo direct 
hydrogenation to methane using a commercially available nickel cata
lyst (KL6516-CY1.2). In continuous-flow and batch reactor experiments, 
high Ni/MgCO3 ratios (9:1 w/w) at 350–360 ◦C resulted in the metha
nation of MgCO3, yielding methane at 17% yield, while no CO was 
detected under these conditions. Shen et al. [25] reported that the in-situ 
Ni catalyst, generated from NiCO3, was utilized for the hydrogenation of 
CaCO3 to methane at an elevated temperature of 400 ◦C. This reaction 
was facilitated by 9,10-dihydrophenanthrene (DHP), which acted as a 
liquid organic H2 carrier. The process yielded methane with a 40% yield 
and approximately 90% selectivity. Similarly, Shi et al. [26] reported 
that the in-situ production of Ni from NiCO3 promoted the conversion of 
CaCO3 to methane, achieving nearly quantitative methane conversion at 
508 ◦C under H2 atmosphere.

In this study, we investigated the mechanochemical conversion of 
carbonate compounds to methane using Ni/Al alloy under solvent-free 
ball-milling conditions. The effects of the amount of Ni/Al alloy and 
carbonate species on the formation of CH4, H2, and CO2 were system
atically evaluated. Furthermore, the surface chemical states of the 
reacted samples were analyzed by X-ray photoelectron spectroscopy 
(XPS) to examine changes in the Ni and Al species during the reaction. 
These results elucidate the relationship between reaction conditions and 
gas product distributions, and provide fundamental insights into 
mechanochemical carbonate methanation using Ni/Al alloy.

2. Materials and methods

2.1. General experimental procedure for mechanochemical carbonate 
methanation

A carbonate (3.1 mmol), distilled H2O (270 μL, 15 mmol), and 
SUS304 balls (ca. 5 mm diameter, 100 pieces) were placed in an 80 mL 
SUS440C vessel, and tightly sealed with a designated SUS440C lid. The 
vessel was rotated using a planetary ball mill (Fritsch Pulverisette Pre
mium Line 7 [PLP-7]) ball mill) at a rotating speed of 1,100 rpm for 90 
min. The rotation was split into three 30 min segments for 1 min in
terval, and the rotation was turned over alternately every 30 min (in
verse rotation).

After the reaction, the tightly enclosed vessel was placed in a water 
bath and opened. The resulting gas was collected over water with a 
measuring cylinder, then transferred into an aluminum gas collecting 
bag by the downward displacement of water. The gas composition was 
determined by gas chromatography equipped with a thermal conduc
tivity detector (GC-TCD, GC-3200, GL Sciences Inc.). Unless otherwise 
indicated, all experiments were conducted under the after-mentioned 
conditions.

Unless otherwise noted, all reactions were carried out under iden
tical conditions. Detailed experimental procedures, including milling 

conditions, gas collection methods, and analytical protocols, are 
described in the Supplementary Information.

2.2. Carbonates

The following carbonates were used without further purification: 
Na2CO3, K2CO3, MgCO3, CaCO3, BaCO3, MnCO3⋅nH2O, FeCO3, NiCO3, 
CuCO3⋅Cu(OH)2, and ZnCO3⋅Zn(OH)2. The sources and purities of these 
materials are provided in the Supplementary Information.

2.3. The effect of Ni-based additives

The reactions were carried out according to the general procedure 
described in Section 2.1, using CaCO3 as the substrate and various Ni- 
based additives (1.0 equivalent). The additives included Ni/Al alloy, 
Ni powder, Ni(OH)2, Ni(OAc)2⋅4H2O, NiO, and Raney Ni.

2.4. Effect of additives

The reactions were performed following the general procedure 
(Section 2.1), with the addition of various additives (1.0 equivalent). 
These included Al metal powder and Al2O3.

Unless otherwise noted, stainless-steel milling media were used. 
Control experiments employing zirconia (ZrO2) vessels and balls were 
conducted to exclude the contribution of metallic components. Experi
mental details are described in the Supplementary Information.

2.5. Gas analysis

The yields of CH4, H2, and CO2 (%) were calculated based on the 
initial amount of carbonate or H2O. The CH4 yield was defined on a 
carbon basis relative to the initial carbonate. The H2 yield (%) was 
defined as the molar ratio of generated H2 to the theoretical maximum 
amount obtainable from the added H2O, indicating the conversion ef
ficiency of H2O to H2. The CO2 yield was defined relative to the 
carbonate.

The conversion of H2O was estimated from the total amount of 
hydrogen incorporated into gaseous products (H2 and CH4), assuming 
H2O as the sole hydrogen source.

Detailed calculation methods, calibration procedures, and repre
sentative chromatograms are provided in the Supplementary 
Information.

Representative experiments were performed in triplicate to confirm 
reproducibility, and consistent trends were observed across all 
conditions.

2.6. Characterization

X-ray photoelectron spectroscopy (XPS), powder X-ray diffraction 
(XRD), and inductively coupled plasma (ICP) analyses were performed 
to characterize the reaction samples. Detailed experimental conditions 
and analytical procedures are provided in the Supplementary 
Information.

3. Results and discussion

In our previous study, we detailed a methodology for the mechano
chemical reduction of gaseous CO2 to CH4 in a planetary ball mill. In the 
present study, the primary step involved the precise loading of solid 
metal carbonates (3.1 mmol) along with H2O (270 μL, 15 mmol) into an 
80 mL SUS440C vessel, which was hermetically sealed and operated 
under ambient conditions. This setup stimulated the mechanochemical 
conversion of gaseous CO2 into CH4 [28–31]. Subsequently, the mixture 
was subjected to rotation at 1,100 rpm using a planetary ball mill 
(PLP-7) with SUS304 balls (100 balls; each with diameter of approxi
mately 5 mm). To prevent potential instrument failure, the rotation 
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direction of the planetary ball mill was reversed at 30 min intervals, with 
each reversal lasting 1 min. Mechanochemical generation of H2 from 
H2O was observed to occur to a modest or considerable extent in the 
presence of Na2CO3, K2CO3, CaCO3, and BaCO3. However, CH4 gener
ation was almost entirely absent (GC-TCD; Table 1, Entries 1, 2, 4, and 5) 
under these conditions. In contrast, no detectable generation of H2 or 
conversion of carbonate to CH4 was observed when MgCO3, MnCO3, 
CuCO3, and ZnCO3 were used (Entries 3, 6, 10, and 11). In case of FeCO3, 
a slight generation of CH4 and H2 was observed (Entry 7). Further, in 
NiCO3, a moderate conversion to CH4 and quantitative H2 generation 
were observed (Entry 8). The efficiency of NiCO3 conversion to CH4 was 
marginally enhanced by reducing the amount of H2O added (Entry 9). 
The results indicated that the Ni cation was the key component of this 
reaction; the addition of 1.0 equivalent of Ni/Al alloy powder to the 
reaction mixture (Table 2, Entry 1) was found to be a key factor in the 
observed outcome. Moreover, CaCO3 underwent quantitative conver
sion to CH4, along with high-efficiency generation of H2 (Table 2, Entry 
1). However, the utilization of 1.0 equivalent of Ni powder or NiO only 
marginally enhanced the conversion efficiency of CaCO3 to CH4 and H2 
(Entries 2 and 5). The addition of 1.0 equivalent of Ni(OH)2 or Ni 
(OAc)2⋅4H2O resulted in the conversion of CaCO3 to CO2, albeit with a 
moderate to low efficiency. However, the conversion of CaCO3 to CH4 
and H2 was not improved (Entries 3 and 4). It is noteworthy that the 
addition of 1.0 equivalent of Raney Ni— prepared via the activation of 
Ni/Al alloy using alkaline water, such as aqueous NaOH, to selectively 
elute the Al metal from the alloy—in place of Ni/Al alloy, had no effect 
on the conversion efficiency of CaCO3 to CH4 or H2 generation (Entry 6). 
Therefore, it was confirmed that Al metal plays a pivotal role in the 
methanation reaction mediated by the Ni/Al alloy.

The substitution of 1.0 equivalent of Al or Al2O3 with a Ni/Al alloy 
resulted in increased H2 generation. However, the conversion efficiency 
of CaCO3 exhibited only a slight improvement and was not enhanced by 
the addition of either Ni powder (Table 2, Entry 2) or Al powder 
(Table 3, Entry 1). However, when a combination of Ni powder (1.0 
equivalent) and Al powder (1.0 equivalent) was used, the conversion 
efficiency of CaCO3 to CH4 was enhanced to 18%, accompanied by the 
H2 generation in an efficient manner (71%, Entry 3). Furthermore, the 
combination of Ni powder and Al2O3, used as the substitutes for Ni/Al 
alloy, enhanced the conversion efficiency of CaCO3 to CH4 to 24%, and 
the H2 generation to 78% (Entry 4). Quantitative conversion of CaCO3 to 
CH4 was observed when Ni and Al powders were used in a 2: 1 molar 
ratio (Al: Ni), corresponding to the metal composition of the Ni/Al alloy 

(with a Ni: Al weight ratio of 1: 1). However, the H2 generation 
decreased to 39%, equivalent to approximately 6 mmol. Experimental 
data show that 15 mmol of water is utilized, indicating that about 9 
mmol of hydrogen is consumed in the reduction of CaCO3. This obser
vation is consistent with the anticipated outcome of converting CO2 to 
CH4, and H2O, as documented in Entry 5. A decrease in the amount of 
Ni/Al alloy powder from 1.0 equivalent to 0.05 equivalents led to a 
marked reduction in the conversion efficiency of CaCO3 to CH4 and in H2 
generation, as shown in Table 4, Entry 1. This discrepancy is attributed 
to the requirement for sufficient active metal surface sites under 
mechanochemical conditions. When a stoichiometric amount of Ni/Al 
alloy is used, efficient contact between the reactants and the catalytic 
surface is achieved, resulting in high CH4 formation. In contrast, a 
reduced amount of Ni/Al alloy results in insufficient contact between 
reactants and the catalytic surface, significantly decreasing the reaction 
efficiency. On the other hand, increasing the amount of Ni/Al alloy had 
no effect on the conversion efficiency of CaCO3, regardless of the 
quantity used (i.e. 0.05 equivalents, 0.10 equivalents, 0.30 equivalents, 
and 0.50 equivalents). However, a slight enhancement in H2 generation 
was observed in Entries 2, 3, and 4. As shown in Tables 2, 3, and 4, the 
conversion of CaCO3 to CH4 is dependent on the presence of an equiv
alent amount of Ni and Al, which is needed in a 1: 2 mol ratio. To reduce 
the amount of Ni/Al alloy required for this conversion, an alternative 
approach was adopted, in which Al powder was also added. The initial 
mixture comprised 0.50 equivalents Ni/Al alloy and 1.0 equivalent of Al 
powder, resulting in an Al usage of approximately 2.0 equivalents. This 
mixture was subjected to a milling process, whereby CaCO3 was con
verted to CH4, with a conversion efficiency of 97% and H2 generation 
efficiency of 62% (Table 5, Entry 1). Reducing the quantity of Ni/Al 
alloy powder from 0.50 equivalents to 0.10 equivalents, 0.05 equiva
lents and 0.01 equivalents resulted in a near-constant conversion effi
ciency of CaCO3 to CH4, as well as H2 generation efficiency (Entries 2, 3, 
and 4). Furthermore, the conversion of CaCO3 to CH4 occurred with high 
efficiency, accompanied by H2 generation (Entry 5), following the 
incorporation of 2.0 equivalents of Al. Despite increasing the Al molar 
equivalent to 4.6, the efficiencies of both CaCO3 conversion to CH4 and 
H2 generation remained unchanged (Entry 6).

Subsequently, an investigation was conducted into the metal effi
ciencies of Ni, Fe, and Cr, the primary constituent metals of SUS. This 
study confirmed the conversion of CaCO3 to CH4 and the H2 generation. 
The experiment was conducted using an 80 mL zirconia (ZrO2) vessel 
and spherical balls (approximately 5 mm in diameter). The quantities of 

Table 1 
Reactivity of carbonates.

Entry Carbonate CH4 Yield (%)a) H2 Yield (%)a) CO2 Yield (%)a) H2O Conversion (%)a)

1 Na2CO3 1 22 trace 22
2 K2CO3 trace 5 trace 5
3 MgCO3 trace trace 3 trace
4 BaCO3 1 10 1 10
5 CaCO3 1 2 trace 2
6 FeCO3 8 70 10 73
7 NiCO3 37 > 99 5 > 99
8b) NiCO3 60 > 99 2 > 99
9 MnCO3・nH2O 2 17 1c) 18
10 CuCO3・Cu(OH)2 2 trace 48 1
11 ZnCO3・Zn(OH)2 3 trace 53 1

a) Determined with GC-TCD
b) H2O 10 mmol
c) CO was obtained in 5% Yield

N. Ito et al.                                                                                                                                                                                                                                       Chemical Engineering Journal Advances 27 (2026) 101221 

3 



H2O and the number of balls were adjusted proportionally based on the 
vessel volume. This adjustment was necessary because the reactions 
observed with SUS304 balls, such as the conversion of H2O to H2 and the 
reduction of carbonates or CO2 to CH4, did not occur when ZrO2 balls 
and the vessel were used in combination and milled [30]. In the 
experiment, CaCO3 (3.1 mmol) and H2O (270 μL, 15 mmol) were milled 
using ZrO2 balls in a ZrO2 vessel. This resulted in only 62% of the CaCO3 
being converted (decomposed) into CO2 (Table 6, Entry 1), with negli
gible conversion of CaCO3 to CH4, as well as negligible H2 generation. 
However, the addition of 2.0 equivalents of Al powder slightly improved 
the conversion efficiency of CaCO3 to CH4 (4%) and notably increased 
H2 generation efficiency (31%) (Table 6, Entry 2). The incorporation of 

1.0 equivalent of Ni/Al alloy into the mixture, as an alternative to Al 
powder alone, moderately enhanced the conversion of CaCO3 to CH4 
(16%). Consequently, this led to a concomitant decrease in H2 genera
tion efficiency, which dropped to 15% (Entry 3). The addition of 1.0 
equivalent of Ni powder and 2.0 equivalents of Al powder maintained a 
conversion efficiency of CaCO3 to CH4 at 16%, while increasing the H2 
generation efficiency to 28% (Entry 4). These results indicate that both 
mechanochemical energy and active metal surfaces are essential for the 
reaction. The absence of metallic components significantly reduces ef
ficiency, highlighting the synergistic roles of mechanical activation and 
metal-mediated catalysis. These results demonstrate that Ni, Fe, and Cr 
in SUS304 balls and the SUS440C vessel contribute to both the 

Table 2 
Effects of Ni species additives.

Entry Ni species (1.0 equivalent) CH4 Yield (%)a) H2 Yield (%)a) CO2 Yield (%)a) H2O Conversion (%)a)

1 Ni/Al alloy > 99 64 1 > 99
2 Ni 1 8 2 8
3 Ni(OH)2 1 13 14 13
4 Ni(OAc)2・4H2O 2 3 39 4
5 NiO 2 17 1 18
6 Raney Ni 1 10 trace 11

a) Determined with GC-TCD

Table 3 
Effect of the effect of additives.

Entry Additives (1.0 equivalent) CH4 Yield (%)a) H2 Yield (%)a) CO2 Yield (%)a) H2O Conversion (%)a)

1 Al 4 30 trace 32
2 Al2O3 7 64 trace 67
3 Ni + Al 18 71 trace 78
4 Ni + Al2O3 24 78 trace 88
5 Ni+ Al (2.0 equivalents) > 99 39 trace 81

a) Determined with GC-TCD

Table 4 
Effects the amount of Ni/Al alloy.

Entry Ni/Al alloy (X equivalent) CH4 Yield (%)a) H2 Yield (%)a) CO2 Yield (%)a) H2O Conversion (%)a)

1 0.05 2 11 trace 12
2 0.10 4 17 trace 19
3 0.30 3 13 trace 14
4 0.50 7 36 trace 39

a) Determined with GC-TCD
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conversion of CaCO3 to CH4 and H2 generation, with Ni being particu
larly significant. ICP analysis of the post-reaction mixture (see Supple
mentary Information) revealed significant amounts of Fe and Cr, likely 
originating from mechanical abrasion of the stainless-steel milling vessel 
and balls. In contrast, although Ni is present in stainless steel (e.g., ~8% 
in SUS304), the detected Ni likely originates predominantly from the 
Ni/Al alloy as is the case for Al. The elemental ratio (Fe > > Cr > Ni) is 
consistent with the composition of SUS304, indicating that Fe and Cr 

originate from mechanical abrasion rather than catalytic activity. These 
results suggest that the primary catalytic role is played by the Ni/Al 
alloy.

The effects of the Ni/Al alloy on other carbonates were investigated 
under the optimized conditions (Table 7). The conversion of MnCO3, 
CaCO3, and CuCO3 to CH4 was enhanced to near-quantitative yields, 
with efficient consumption of H2O (Entries 5, 8, and 9). The conversion 
of MgCO3, FeCO3, and NiCO3 to CH4 was also significantly enhanced, 

Table 5 
Addition of supplementary Al powder in the presence of a catalytic quantity of Ni/Al alloy.

Entry Ni/Al alloy (X equivalent) Al (Y equivalent) CH4 Yield (%)a) H2 Yield (%)a) CO2 Yield (%)a) H2O Conversion (%)a)

1 0.50 1.0 97 62 1 > 99
2 0.10 1.8 86 54 1 89
3 0.05 1.9 88 64 1 > 99
4 0.01 1.98 75 48 1 79
5 - 2.0 84 63 1 97
6 - 4.6 87 69 1 > 99

a) Determined with GC-TCD

Table 6 
Control experiments with ZrO2 vessel and balls.

Entry Additives (X equivalent) CH4 Yield (%)a) H2 Yield (%)a) CO2 Yield (%)a) H2O Conversion (%)a)

1 - trace trace 62 1
2 Al (2.0 equivalents) 4 31 28 35
3 Ni/Al (1.0 equivalent) 16 15 92 21
4 Ni (1.0 equivalent) + Al (2.0 equivalents) 16 28 49 35

a) Determined with GC-TCD

Table 7 
Reactivity of carbonates in the presence of Ni/Al alloy.

Entry Carbonate CH4 Yield (%)a) H2 Yield (%)a) CO2 Yield (%)a) H2O Conversion (%)a)

1 Na2CO3 4 58 1 60
2 K2CO3 1 45 trace 46
3 MgCO3 85 80 4 > 99
4 BaCO3 12 77 1 82
5 CaCO3 > 99 61 1 > 99
6 FeCO3 76 79 1 > 99
7 NiCO3 79 > 99 1 > 99
8 MnCO3・nH2O > 99 57 1 > 99
9 CuCO3・Cu(OH)2 > 99 78 1 > 99
10 ZnCO3・Zn(OH)2 10 83 38 87

a) Determined with GC-TCD
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accompanied by efficient consumption of H2O (Entries 3, 6, and 7). In 
contrast, the conversion efficiencies of BaCO3 and ZnCO3 to CH4 were 
approximately 10%, although H2 generation was highly effective (En
tries 4 and 10). In the cases of Na2CO3 and K2CO3, the conversion to CH4 
was only minimally affected by the addition of Ni/Al alloy, while the H2 
generation efficiency was noticeably enhanced (Entries 1 and 2). As the 
reaction progressed, a dynamic shift in the oxidation state of Ni in the 
Ni/Al alloy was observed, as evidenced by the Ni 2p XPS spectra 
(Fig. 1a–f). At the initial point in time (0 min), the predominant 
occurrence of Ni was observed in the metallic (zero valent) state, indi
cated by the primary peak at 852.8 eV. After 15 and 30 min (Fig. 1b and 
1c), a distinct peak emerged at approximately 855.9 eV, thereby sug
gesting the formation of Ni (II) species. By 45 min (Fig. 1d), the Ni (II) 
peak at 856.5 eV became predominant, while the Ni (0) signal experi
enced a significant decline. Notably, at 60 min (Fig. 1e), the zero-valent 
Ni peak (852.2 eV) reappeared, while the Ni (II) signal diminished, 
suggesting that Ni is subsequently reduced back to its metallic form. At 
90 min (Fig. 1f), only the Ni (0) peak (852.2 eV) was present, indicating 
complete regeneration of Ni in the zero-valent state. Reference samples 
of NiCO3, Ni(OH)2, and NiO (Fig. 1, g–i) provided further evidence that 
the Ni (II) species observed at 45 min correspond primarily to NiCO3. As 
demonstrated in Table 1, NiCO3 undergoes efficient methanation under 
these conditions, thereby explaining the subsequent reduction of the Ni 

(II) signal and restoration of Ni (0). Based on these observations, a 
plausible reaction pathway involves the formation of Ni (II) species such 
as NiCO3, followed by their reduction to CH4 with simultaneous 
regeneration of metallic Ni. Al plays a crucial role as an oxygen scav
enger, preventing oxidation of Ni and sustaining catalytic activity.

These observations suggest that, under mechanochemical milling 
conditions, zero-valent Ni in the alloy may be partially oxidized to Ni (II) 
species [e.g., NiCO3, Ni(OH)2, or NiO], while the reduction of carbon
ates to CH4 proceeds concurrently. As demonstrated in Table 1 (entries 7 
and 8), given the relatively high reactivity of NiCO3 towards methana
tion among various carbonates, it is conceivable that CaCO3 may be 
converted to NiCO3 and subsequently reduced to CH4, with concomitant 
regeneration of metallic Ni. Aluminum, which has a high affinity for 
oxygen, is likely to act as an oxygen scavenger, thereby contributing to 
the suppression of Ni oxidation and the maintenance of catalytic 
activity.

Furthermore, XPS analysis of Al showed that the metallic Al peak at 
71.8 eV, observed prior to the reaction, disappeared after the reaction, 
while a single peak at 74.1 eV was observed, consistent with the for
mation of Al2O3 (Fig. 2) [32,33]. Similarly, CaCO3 (348.7 eV, 351.7 eV) 
appears to be converted to CaO (347.3 eV, 350.9 eV), as indicated by 
XPS analysis (Fig. 3) [34]. These findings suggest that metals other than 
Ni, such as Al, may act as oxygen scavengers, thereby suppressing the 

Fig. 1. Milling time-dependent XPS spectra (Ni 2p).
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oxidation of Ni. Consequently, these results suggest that zero-valent Ni 
species may retain their catalytic activity throughout the reaction, 
facilitating cation exchange from CaCO3 to NiCO3 and the subsequent 
methanation.

A powder X-ray diffraction (XRD) analysis of the reaction residue 
(see the Supplementary Information) indicates that the bulk structure of 
the Ni/Al alloy remains largely unchanged after the reaction. Further
more, no distinct crystalline oxide phases were observed. These results 
suggest that the mechanochemical methanation proceeds primarily at 
the surface or at transient localized reaction sites, while the bulk 
structure of the materials remains largely preserved. This is consistent 
with the XPS results, which indicate dynamic surface transformations of 
Ni species during the reaction.

4. Conclusions

This study proposes a robust and innovative strategy for trans
forming carbonate salts into CH4, using mechanochemical energy. The 
conversion was achieved via planetary ball milling in the presence of a 
Ni/Al alloy and H2O, without H2 or external heating. The process 
involved milling a mixture of carbonate, Ni/Al alloy, H2O, and SUS304 
balls within a SUS440C vessel. The proposed methodology avoids the 
use of complex and laborious operational procedures or stringent reac
tion conditions, such as precise temperature or pressure control, and 
maintenance of an oxygen-free environment. The novel approach pre
sented in this study provides valuable insights into industrial applica
tions and may contribute meaningfully to the development of a future 

carbon-neutral society.
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