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Methods to synthesize sustainable and renewable methane are becoming of growing interest to relieve 
humankind from its reliance on fossil and finite natural gas reserves. Metal hydroxide salts are able to 
capture CO2 from dilute sources including ambient air in the form of carbonate and bicarbonate salts. We 
report herein the direct conversion of such inorganic carbonate salts into methane in yields of up to 100% 
utilizing both Ni/Al2O3 and Ni/CaAl2O4 catalysts. This conversion is achieved in 48 hours with 50 bar of 
hydrogen at a relatively moderate temperature of 225°C under batch conditions. Water was also shown 
to improve the conversion of the carbonate salt to methane and the Ni/Al2O3 catalyst retained 99% of its 
activity in the alkaline media after five consecutive hydrogenation cycles. Remarkably, the metal 
hydroxide was also regenerated during the reaction and was reused to capture CO2 for subsequent 
reactions. Compared to the conventional sequential approach involving the capture of CO2 followed by 
the release of CO2 and its hydrogenation to methane in the Sabatier reaction, the integrated route 
presented here can offer a number of energetic and economic benefits, paving the way for a robust carbon 
capture and conversion process. 
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A number of carbon capture technologies are being developed as strategies to limit unabated climate 
change from continuing.1 Carbon Capture and Sequestration (CCS) captures CO2 from various sources 
including flue gases, industrial exhausts as well as the atmosphere and stores it underground in suitable 
geological formation or through reaction with appropriate minerals (mineralization).2–4 Carbon Capture 
and Utilization (CCU), on the other hand, captures CO2 from these same sources and proposes to use the 
CO2 either as such or as a feedstock for numerous products including fuels, chemicals and plastics.5–7 
Both CCS and CCU rely on CO2 capture processes that differ depending on parameters such as the CO2 
source, CO2 concentration and purity. In CCU, capture and utilization/recycling have for the most part 
been conducted as two distinct operations that follow a sequential pathway, where CO2 is first captured 
in a capture media. The captured CO2 is then released from this capture media in an energy intensive 
desorption/regeneration step. Subsequently, the obtained CO2 is compressed to be used as is, 
sequestered, and/or transformed into fuels and materials. The CO2 desorption step is an endothermic 
process and often the energy intensive step in the overall process. It is only recently that scientists 
started looking into the possibility of combining capture and utilization. The integrated carbon capture 
and utilization (ICCU) protocols pursued by our group and others should reduce the overall energy needs 
of the process and lower both operational and capital expenses through process intensification. ICCU of 
CO2 leads to value-added products such as methanol, formate, formamide, dimethyl ether, carbon 
monoxide and methane.8–14 Methane in particular is the main component of natural gas that constitutes 
a large proportion of the energy consumed around the world, accounting for example for 34% of the 
primary energy consumption in the United States.15 Thus, providing new pathways to synthesize 
methane from CO2 and green hydrogen, where the CO2 is captured from point sources and the 
atmosphere would lead to green methane, while allowing for the continued use of the vast 
infrastructure already in place for natural gas distribution. Carbon recycling would reduce the 
environmental impact of natural gas/methane and allow it to become increasingly renewable and 
carbon neutral. 



 Most of the routes currently proposed to produce methane from CO2 rely on the sequential CCU 
approach described above where CO2 is first captured and then released in an energy demanding step 
from the capture media at a high concentration before being hydrogenated to methane at 300-400 °C 
following the well-established Sabatier reaction. 

In contrast to that approach, combining carbon dioxide capture with methane synthesis in an integrated 
process is a relatively novel concept. It has previously been reported by Heldebrant et al.16 in a system 
utilizing primary and secondary amines to capture CO2 and then convert the captured product to 
methane using heterogeneous ruthenium catalysts and hydrogen. Amines have been well studied as 
carbon capture agents, especially in homogenous systems.17–19 However, amines have volatility and 
toxicity issues and often suffer from oxidative degradation.20–23 Thus, precautions need to be taken 
when amines are used for the capture of CO2, especially from air. This system also utilized ruthenium 
metal to catalyze the reaction. However, earth abundant metals, like nickel have also been shown to 
perform methanation reactions.24–27  

 Capturing CO2 with metal hydroxides to form bicarbonate or carbonate salts has also been 
researched and circumvents some of the issues with amine based systems including the discussed 
volatility and degradation concerns.28,29 Recently, it was reported by Prakash et al. that bicarbonate salts 
can be hydrogenated to methanol over a Cu/ZnO/Al2O3 catalyst.30 Using this catalyst, the paper also 
showed that CO2 can be captured from air by a metal hydroxide solution in ethylene glycol and directly 
converted to methanol with a yield of 97%. This example of integrated capture and conversion inspired 
us to explore the possibility of using a similar approach to obtain other products beside methanol; in this 
case methane, in high yields.  

 Converting inorganic carbonates and bicarbonates to methane has been previously reported in 
flow systems.31–33 However, these systems often utilize temperatures above 500 °C raising their 
energetic costs. Some of the previous accounts using flow reactor conditions have been performed with 
earth abundant metals, like nickel. However, current ICCU with heterogeneous catalysts more 
commonly utilize rare-earth catalysts, such as ruthenium and iridium.10,16 

 The Direct Air Capture of carbon dioxide (DAC) utilizing a hydroxide salt and the subsequent 
conversion of the obtained metal carbonate salt to methane is a process of importance. It would 
circumvent the volatility problems of amine-based sorbents and could be designed in such a way to 
avoid base deactivation as the choice of solvent should be less constrained.34 Current attempts in 
utilizing this technology typically use bifunctional solid materials composed of an alkali metal containing 
species and a catalyst. The alkali metal species on the surface reacts with CO2 to form a 
carbonate/bicarbonate salt. This salt is then decomposed to form CO2 again before the reaction 
occurs.24,35–37 As the catalysts used are generally air sensitive, this means that the catalyst in these 
bifunctional materials need to be regenerated under hydrogen during each adsorption/conversion cycle. 
This consumes part of the hydrogen and is rather energy intensive. At the same time, a large amount of 
catalyst is also tied up in the adsorbent material during the adsorption period, which could be capital 
intensive, especially if the catalyst is based on precious metals. Thus, it could be advantageous to 
decouple the capture and conversion steps. In the first step, CO2 is captured with a strong base in the 
form of a carbonate/bicarbonate salt. In a second, separate but adjacent, step this salt is converted to 
methane over a catalyst. In doing so, the catalyst is always in the hydrogenation mode and does not 



require regeneration in each recurring adsorption/conversion cycle. It should allow for a more efficient 
use of the catalyst and reduce the amount of catalyst needed and therefore cost of the overall process.  

Herein, we report the direct hydrogenative conversion of potassium bicarbonate and carbonate to 
methane at relatively low temperatures and the concurrent regeneration of the hydroxide base utilizing 
both Ni/Al2O3 and Ni/CaAl2O4 catalysts. This reaction can also be undertaken with carbonate and 
bicarbonate salts synthesized directly from the atmospheric air using an alkali metal hydroxide thus 
decoupling capture and conversion. The catalyst can then be easily separated from the base after the 
reaction and both components be used again in subsequent reaction cycles (Figure 1). Interestingly, the 
reaction does not consume more hydrogen as compared to the simple hydrogenation of CO2 to 
methane with the added benefit of regenerating the base that can be reused for subsequent CO2 
capture (Figure 2, Sabatier reaction).  

  

Figure 1. Direct air capture of CO2 with a metal hydroxide and hydrogenation of the obtained 
carbonate/bicarbonate to methane with concurrent recycling of the base. 

  

Figure 2. Hydrogenation of CO2 to methane (Sabatier reaction).  

Results and Discussions 

To test the activity of the catalyst for hydrogenation, potassium bicarbonate was used as a model 
substrate. Ethylene glycol had previously been reported as an optimal solvent for the integrated capture 
and conversion of CO2 to methanol. However, ethylene glycol has also been reported to reform and 
decompose to CH4/CO/CO2 under the reaction conditions used in our work.38–40 Indeed, when a blank 
hydrogenation reaction was performed with only ethylene glycol and the nickel-based catalyst, we 
observed the formation of CH4/CO/CO2. Thus, water was used as a solvent to avoid these issues and any 
additional carbon source in the system. In a first series of experiments, a commercial steam reforming 
catalyst, Ni/CaAl2O4 (HiFUEL R110, Alfa Aesar), was utilized for the hydrogenation of bicarbonate salts.41 
Optimization results are presented in Table 1. Temperature was an important parameter for the 
reaction, as both 170 and 200°C showed very little conversion to methane at 6 and 7%, respectively. 
Only upon reaching 225°C, did the reaction proceed to methane with a much higher yield of up to 97% 
with KHCO3. This resulted in the highest methane productivity of 10.8 gmethane·h-1·kgcat-1, which was 
calculated using similar methods reported previously.13,24 Under these conditions, both decreasing or 
increasing the H2 pressure below or above 50 bar had a negative effect on the methane yield. Lowering 
the reaction time from 48 to 24h greatly diminished the methane yield. K2CO3 was also hydrogenated to 
methane, although with a yield that was about half the one observed with KHCO3 after 48h under 
similar reaction conditions. Interestingly, even in the absence of water, KHCO3 was converted to 
methane with a yield of 48% compared to no conversion for K2CO3.  



Table 1. Hydrogenation of KHCO3 and K2CO3 to methane over Ni/CaAl2O4 
Entry Salt Amount of 

salt (mmol) 
H2 
pressure 
(bar) 

Temperature 
(°C) 

Time 
(hours) 

Methane 
yield 
(mmol) 

Methane 
yield (%) 

Methane 
productivity 
gmethane·h-1·kgcat-1 

1 KHCO3 10 50 170 48 0.6 6 0.67 

2 KHCO3 10 50 200 48 0.7 7 0.78 

3 KHCO3 10 50 225 48 9.7 97 10.8 

4 KHCO3 10 40 225 48 5.4 54 6.0 

6 KHCO3 10 60 225 48 8.2 82 9.1 

7 KHCO3 10 70 225 48 6.3 63 7.0 

8 KHCO3 10 50 225 24 2.2 22 4.9 

9 KHCO3 10 50 225 72 9.8 98 7.3 

10 K2CO3 10 50 225 48 5.3 53 5.9 

11 KHCO3[a] 10 50 225 48 4.8 48 5.4 

12 K2CO3[a] 10 50 225 50 0 0 0 
Reaction conditions: water (10 mL), H2 pressure at room temperature, 300 mg Ni/CaAl2O4. [a] water (0 mL). Methane yields 
calculated relative to the carbonate as determined by Gas chromatography. Yield calculations ± 5%.  

The Ni/CaAl2O4 catalyst was subsequently tested over several cycles to assess its reusability and stability. 
Captured CO2 was used in the recycling experiments. 4 mmol of KOH was dissolved in water and pure 
CO2 was contacted with the salt solution for three hours. The amount of captured CO2 in the form of a 
carbonate/bicarbonate mixture was quantified by 13C NMR. After capture, the obtained potassium 
carbonate/bicarbonate was subjected to hydrogenation using the conditions in entry 3 of Table 1. In the 
first cycle, 3.23 mmol of methane was obtained from 4 mmol of CO2 captured. The liquid aqueous 
solution after reaction was separated from the solid catalyst and subjected to CO2 capture, capturing 
2.75 mmol of CO2 and demonstrating the regeneration of the KOH base in the hydrogenation process. 
The obtained aqueous solution was then subjected to hydrogenation in a second cycle using the same 
catalyst as in the first cycle. After that, the capture/hydrogenation was repeated 3 more times. The 
results of the recycling studies are shown in Table 2. After five cycles, the amount of base had decreased 
from the original 4 mmol to 2 mmol. Consequently, while the conversion of CO2 to methane remained 
relatively constant in the ~90-100% range after the initial cycle, the lower carbonate content led to a 
decrease in the amount of methane that can be formed in each cycle. Thus, at some point in the 
reaction, the base is deactivated or converted to a product that is less able to capture CO2.  

Table 2. Recycling experiments of the Ni/CaAl2O4 catalyst and KOH base for methane production over 5 
absorption/hydrogenation cycles  

Cycle Amount of CO2 
captured (mmol) 

Conversion to methane 
(mmol) 

Conversion to methane 
(%) 

Capture regeneration (%)[a] 

1 4.03 3.23 80.1 - 
2 2.75 2.70 98.2 68.2 
3 2.4 2.25 93.8 87.3 
4 2.24 2.07 92.0 93.8 
5 2.05 1.98 96.6 91.1 

Reaction conditions: water (10 mL), 50 bar H2 pressure at room temperature, 300 mg Ni/CaAl2O4, 48 hours, initial amount of 
KOH: 4 mmol. Methane yields calculated relative to the carbonate as determined by Gas chromatography. Yield calculations ± 
5%. [a] compared to CO2 absorption in previous cycle. 



It has been previously reported that calcium present in Ni/CaAl2O4 can interact with metal carbonates to 
form calcium carbonate, which is less soluble and could be a contributing factor to the loss of capture 
regeneration over the course of the five reactions.36,37 The relevant reactions are shown in Figure 3. 
Having a decreased amount of potassium hydroxide with an increased amount of calcium hydroxide in 
the solution negatively effects the CO2 capture step after the reaction. It has been reported that 
potassium hydroxide is able to capture CO2 much faster than calcium hydroxide.18 This is consistent with 
our results where potassium peaks are present in the XRD of the catalyst after the reaction as shown in 
Figure S1. 

  

Figure 3. Depiction of a possible deactivation pathways on the catalyst surface for Ni/CaAl2O4.42-43 

To limit the base deactivation due to the composition of the Ni/CaAl2O4 catalyst, a Ni/Al2O3 catalyst was 
synthesized containing 25% nickel by weight as confirmed by X-Ray Fluorescence (XRF) (please see SI). 
Table 3 shows the results for the hydrogenation of metal carbonates and bicarbonates utilizing this 
catalyst. The yield for KHCO3 was similar to the one obtained with Ni/CaAl2O4 (100% vs 97% on 
Ni/CaAl2O4). However, the yield of methane when utilizing potassium carbonate was greatly improved 
from 53% with Ni/CaAl2O4 to 100% with 25%Ni/Al2O3. This also led to a corresponding increase in 
methane productivity from 5.9 to 11.1 gmethane·h-1·kgcat-1 from the Ni/CaAl2O4 to Ni/Al2O3. This 
difference is most likely due to the K2CO3 interacting with the calcium in the former Ni/CaAl2O4 catalyst 
and thus deactivating the catalyst. Due to the absence of calcium in Ni/Al2O3 this reaction is not 
possible. The productivity with Ni/Al2O3 was further improved to 12.3 gmethane·h-1·kgcat-1 when 20 
mmol of potassium carbonate was used instead of 10 mmol, although at a lower overall methane yield 
of only 55%. Other carbonate salts, like sodium carbonate and cesium carbonate can also be utilized 
resulting in quantitative yields as well. Calcium carbonate performed significantly worse than the 
aforementioned carbonate salts with a 5% yield of methane. In an attempt to increase the yield with 
calcium carbonate, a small portion of potassium carbonate was added. This was done in the hope that 
the resulting potassium hydroxide would leach the calcium carbonate and create potassium carbonate. 
However, this seemingly did not occur as the methane yield remained relatively low at 15%. When a 13C-
labelled potassium carbonate salt was used in the reaction, the result was the formation of 13C-methane 
as determined by NMR and shown in Figure S12 and S13.  

Table 3. Hydrogenation of metal bicarbonate and carbonate to methane over Ni/Al2O3 (25 wt% Ni) 

Salt Amount 
(mmol) 

Hydrogen 
pressure 
(bar) 

Temperature 
(°C) 

Time 
(hours) 

Water 
(mL) 

Methane 
yield 
(mmol) 

Methane 
yield (%) 

Methane productivity 
gmethane·h-1·kgcat-1 

Methane yield (%) 

KHCO3 10 50 225 48 10 10 100 11.1 100 
K2CO3 10 50 225 48 10 10 100 11.1 100 
K213CO3 10 50 225 48 10 10 100 11.1 100 
K2CO3 20 50 225 48 10 11 55 12.3 55 
Na2CO3 10 50 225 48 10 10 100 11.1 100 
Li2CO3 10 50 225 48 10 9.1 91 10.1 91 
Cs2CO3 10 50 225 48 10 10 100 11.1 100 



CaCO3 10 50 225 48 10 0.5 5 0.6 5 
CaCO3/K2CO3a 10 50 225 48 10 1.5 15 1.7 15 

Reaction conditions: water (10 mL), 50 bar H2 pressure at room temperature, 300 mg Ni/Al2O3 [a] 9.0 mmol CaCO3 and 1.0 
mmol K2CO3. Methane yields calculated relative to the carbonate as determined by Gas chromatography. Yield calculations ± 
5%. 

 

The stability of the Ni/Al2O3 catalyst was then tested over five absorption/hydrogenation cycles using a 
similar procedure as employed with Ni/CaAl2O4 but starting with 4 mmol of KOH. In this case, the 
reactivity remained consistent and 99% of the catalyst activity was retained at the end of five cycles. 
Again, CO2 captured by the KOH regenerated during the hydrogenation step was utilized in the form of 
carbonate in the subsequent cycle. There was no decrease in catalytic activity and only a slight loss in 
base activity after five cycles as shown in Figure 4b. This was a clear improvement over the system 
based on Ni/CaAl2O4. As shown in the XRD (Figure S2), there is less of an accumulation of potassium on 
the catalyst surface after the reaction. This means that the catalyst surface is less affected over the 
course of the reaction. The support in the Ni/CaAl2O4 also deteriorates over the course of the reaction, 
whereas the alumina in Ni/Al2O3 is relatively unaffected by the reaction as shown in Figure S2. The 
Ni/CaAl2O4 has potassium peaks in the XRD after the reaction. This also corresponds to the grossite 
(CaAl₄O₇) peaks in the XRD disappearing as compared to the XRD of the catalyst before reaction.  

  

Figure 4. Recycling studies of potassium hydroxide/carbonate for methane production using (a) Ni/CaAl2O4 and (b) Ni/Al2O3. 

Figures 4a and 4b compare the recyclability of the Ni/CaAl2O4 and Ni/Al2O3 catalysts and how these 
catalysts performed over five absorption/hydrogenation cycles. The graphs show that the system with 
Ni/CaAl2O4 exhibits both catalytic deactivation and base loss. In contrast, the system with Ni/Al2O3 only 
exhibits a marginal loss of base. In the case of Ni/Al2O3 the recycling studies showed that both the 
catalyst and the base can perform well over these capture/hydrogenation cycles.  

Table 4. Recycling studies of the Ni/Al2O3 catalyst and the KOH base for methane production over 5 absorption/hydrogenation 
cycles  

Cycle Amount CO2 
captured (mmol) 

Conversion to methane 
(mmol) 

Conversion to methane 
(%) 

Capture regeneration (%)[a] 

1 4.0 4.0 100 - 
2 4.0 4.0 100 100 
3 4.0 4.0 100 100 
4 3.85 3.85 100 96.3 
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5 4.0 4.0 100 103.9 
Reaction conditions: capture solution (10 mL), 50 bar H2 pressure at room temperature, 300 mg Ni/Al2O3, 4 mmol KOH. 
Methane yields calculated relative to the carbonate as determined by Gas chromatography. Yield calculations ± 5%. [a] 
compared to CO2 absorption in previous cycle. 

 

Table 5 shows that the direct capture of CO2 from the air and its conversion to methane is also possible 
in high yields. 5 mmol of KOH was used in 10 mL of water to capture 3.53 mmol of CO2 from air in the 
form of a bicarbonate/carbonate mixture. This salt was then converted quantitatively to methane over 
Ni/Al2O3 in 48h. To confirm that the base was regenerated, a titration with CO2 as the acid was 
performed with the aqueous solution after reaction. The titration resulted in 3.5 mmol of CO2 being 
captured demonstrating that the base had therefore been fully regenerated during the hydrogenation 
reaction.  

Table 5. Direct air capture and conversion to methane utilizing a KOH base and Ni/Al2O3 catalyst 

Amount of 
KOH (mmol) 

Amount CO2 
captured 
(mmol) 

Conversion to 
methane 
(mmol) 

Conversion to 
methane (%) 

5 3.53 3.53 100 

Reaction conditions: capture solution (10 mL), 48 hours, 50 bar H2 pressure at room temperature, 300 
mg Ni/Al2O3. Methane yields calculated relative to the carbonate as determined by Gas 
chromatography. Yield calculations ± 5%. 

While the ICCU route described in this report holds promise, it should be noted that it is still at an early 
stage (technology readiness level (TRL) of about 3) and will require much more development before 
becoming practical on a larger scale. A continuous process would for example be preferable to the batch 
approach used here. Shortening of the reaction time by employing improved or different and more 
active catalysts should also be pursued to improve throughput, productivity, and reduce the energy 
required to maintain the reactor temperature. To reduce the energy needed for hydrogen compression 
reaction at a lower pressure, if possible, would be advantageous as well.  

The process is also only as green as the feedstock and energy used to run it. As the process matures, 
care should thus be taken in using renewable sources of energy for all parts of the process including CO2 
capture, hydrogen generation, the hydrogenation reaction, product separation, etc. As for any other 
proposed low carbon process, a life cycle analysis should also validate the “greenness” of the approach 
in terms of greenhouse gas emissions, carbon footprint and overall environmental impacts. To be 
sustainable in the long run CO2 captured from the atmosphere would be an ideal source for this route. A 
lot of the DAC technologies such as the one based on metal hydroxides as the capturing media rely on 
fans to push air through the capturing media.44-45 Minimizing pressure drop through this aqueous 
media during CO2 adsorption through proper equipment design and engineering is thus also a crucial 
aspect to reduce the energy needs of the fans and the entire ICCU process. Although less efficient for 
DAC, pools of hydroxides could potentially also be employed to eliminate the need for fans. Spays of 
capturing media have been proposed as well to reduce the pressure drop. 

 

 



Conclusions 

We have shown here that the conversion of carbonate salts of potassium and sodium directly to 
methane can be achieved in high yield and selectivity over heterogeneous catalysts. Because this 
process is performed in an aqueous solution, it does not suffer from base deactivation that was for 
instance observed in the homologous methanol synthesis from carbonates, which is carried out in 
ethylene glycol. High degree of recycling of both the catalyst and base was demonstrated. Thus, this 
reaction has the potential deliver large number of CO2 absorption/hydrogenation cycles. Direct air 
capture of CO2 and conversion to methane was also achieved with KOH as the base, demonstrating that 
the synthesis of methane can be effectively performed with atmospheric CO2. This opens a pathway to 
potentially synthesize renewable methane with a lower or even neutral carbon footprint through an 
anthropogenic carbon cycle analogous to nature’s own photosynthetic cycle. This is also a three-phase 
reaction system (solid, liquid, gas) that can offer some advantages. The capture media can be easily 
separated from the catalyst and allows for easy access for the media to capture CO2 again while leaving 
the catalyst unaffected. The product, methane, is also easy to separate due to its gaseous nature. 
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Metal Hydroxide Assisted Integrated Direct Air Capture and Conversion to 
Methane with Ni/Al2O3 catalysts  

Christopher J. Koch, Vicente Galvan, Alain Goeppert, G.K. Surya Prakash* 

 

1. Experimental part 

1.1 Materials and Methods 
All experiments were carried out under an inert atmosphere (with N2 or Ar) using standard 
Schlenk techniques with the exclusion of moisture unless otherwise stated. Commercial 
Ni/CaAl2O4 catalyst was purchased from Alfa Aesar (HiFUEL R110). Nickel nitrate hexahydrate 
(Ni(NO3)2·6H2O) (99.9% purity) was purchased from Alfa Aesar. Fumed alumina , Al2O3, 
Aeroxide AluC, was obtained from Evonik. Potassium carbonate, potassium bicarbonate, sodium 
carbonate, lithium carbonate, cesium carbonate and calcium carbonate were purchased from 
Sigma Aldrich, had all a purity of 99.9% or higher, and were used without further purification. 
Potassium hydroxide was purchased from Sigma Aldrich and had a purity of 97%. 13C-labelled 
potassium carbonate was purchased from Stable Isotopes with a purity of 98.7%, D2O (CIL, D-
99.9%), toluene-d8 (CIL, 99.5%) and imidazole (Fischer, 99.5%) were used as received. 1H and 
13C NMR spectra were recorded on 400, 500 or 600 MHz, Varian NMR spectrometers. 1H and 
13C NMR chemical shifts were determined relative to the residual solvent signals. The gas 
mixtures were analyzed using a Thermo Finnigan gas chromatograph (column: Supelco, 
Carboxen 1010 plot, 30 m X 0.53 mm) equipped with a TCD detector (CO detection limit: 0.099 
v/v%). CO2 (Gilmore, instrument grade), H2 (Gilmore, ultra-high pure grade 5.0), Methane 
(Gilmore, instrument grade), and 13C-Methane (Monsanto Research Corporation, 99%) were 
used without further purification. 

Caution: Reactions are associated with H2 gas. They should be carefully handled inside proper 
fume hoods without any flame, spark or static electricity sources nearby. 

 

1.2 Catalyst synthesis 
3.3 g of nickel nitrate hexahydrate (Ni(NO3)2·6H2O) was dissolved into 100 mL of DI water. 
6.7g of fumed Al2O3 was then added to the solution, forming a suspension. The solution was 
stirred for 5 hours. Water was then removed with a rotavapor and the obtained solid dried 
overnight in an oven at 120°C. The dried material was then calcinated at 700°C for 2 hours after 
heating it from room temperature to 700°C at a rate of 5.8°C/min under an atmosphere of air. 
 
1.3 Catalyst activation 
The catalyst (prepared and calcinated Ni/Al2O3 or commercial Ni/CaAl2O4) was crushed and 
sieved to a size of 250 micrometers or less. The sieved material was then activated in a tubular 
quartz reactor placed in a tubular furnace (Lindberg Blue). Nitrogen was flown through the 
catalyst at a rate of 75mL/min for 30 minutes at room temperature. After that a mixture of 
hydrogen/nitrogen (35mL/min and 75 mL/min, respectively) was flown through the catalyst 
while it was heated to 700°C (5.8°C/min) and held at that temperature for 2 hours. The catalyst 
was then allowed to cool down and was stored in an inert atmosphere for later use. 
 



1.4 Hydrogenation of carbonates to methane 
All carbonate and bicarbonate salts were purchased with a purity of 99.9% or higher from Sigma 
Aldrich. The activated catalyst was weighed in an atmosphere of argon and then transported to a 
nitrogen chamber. There, 10 mmol of carbonate was mixed with DI water as the solvent. The 
catalyst, solvent (water), and carbonate salt were placed in a borosilicate vial. This vial was then 
placed in a 125 mL Hastelloy Parr reactor that was sealed in the nitrogen chamber. The Parr 
reactor was pressurized with hydrogen (UHP). Then, the reactor was placed in a pre-heated 
aluminum block, heated to the desired temperature and held at that temperature for the duration 
of the reaction. At the end of the reaction, the reactor was cooled to room temperature, the 
pressure was released, and the solvent was separated from the catalyst via decanting. A portion 
of the gas mixture was released into a gas collection bag for gas chromatography (GC) analysis. 
The yield was then computed by integration of the gas peaks from the GC analysis. A sample 
calculation is provided in section 2.2.       

 
1.5 Air capture of CO2 with potassium hydroxide 
To capture CO2 from air (~420 ppm CO2) potassium hydroxide (Sigma Aldrich, 97%) was 
dissolved in 10 mL of DI H2O in a vial. The vial was sealed and air from the lab was then flown 
through the vial at the rate of 300 mL/min. The air capture was run for 48 hours. Afterwards, 
tert-butanol (tBuOH) was added as an internal standard to a 0.1mL aliquot of the capture 
solution. This aliquot was analyzed by 13C NMR with D2O as the deuterated solvent. The amount 
of CO2 was quantified through 13C NMR analysis. The remaining solution was used for 
hydrogenation.  

 
1.6 CO2 from pure CO2 capture 
A known amount of alkali hydroxide (KOH) was dissolved in DI water (10 mL) in a vial with a 
magnetic stir bar. The gases inside the vial were then removed under vacuum. CO2 was 
subsequently added while stirring the solution at 800 rpm for 3 h and maintaining the CO2 
pressure inside the reactor at 1 psi above atmospheric pressure. The amount of CO2 captured was 
calculated both through the volume of CO2 added and through gravimetric analysis of the 
solutions before and after the capture. 

 
1.7 Recycling Experiments 
Once the hydrogenation reaction according to the method described in 1.4 was complete the 
reactor was cooled down to room temperature and the pressure released. Part of the pressure was 
released into a collection bag for gas chromatography analysis. The reactor was then transferred 
to a nitrogen chamber and opened. The liquid in the reactor was separated from the catalyst by 
decantation and placed in a 100 mL round bottom flask. After evacuation, the subsequent capture 
conditions follow the same parameters as detailed in 1.6. The amount of CO2 captured was 
measured by both the volume of CO2 added and gravimetrically. The liquid was then placed back 
in the reactor with the catalyst that was utilized in the previous cycle. The hydrogenation reaction 
was then were performed again with the conditions detailed in 1.4.   
 
1.8 Powder X-Ray Diffraction (XRD) 



Powder XRD was performed on a sixth generation Rigaku Miniflex powder diffractometer. The 
catalyst was wet loaded onto a sample plate and then dried of any solvent. The scan was set from 
10°-80° at a scan rate of 3°/min. The resulting spectrum were processed on the PDXL software. 

1.9 Scanning Electron Microscopy (SEM)  
Scanning Electron Microscopy (SEM) images and energy dispersive X-ray spectroscopy (EDS) 
images were obtained from a JEOL JSM-7001F electron microscope with an acceleration voltage 
of 18 keV.  

1.10 X-Ray Fluorescence (XRF) 
X-Ray Fluorescence (XRF) was conducted on a Bruker Tiger S8 instrument. The X-Ray source 
is rhodium leading to residual rhodium signals, which are labelled in the spectrum. The spectra 
were all collected between 0-60 keV. The weight percentages of the metals were calculated using 
the Bruker software and all errors of the measurements are reported. The calculations were based 
on the Kα peak.  
 

2 Data 

2.1 XRD data 

 

 

Figure S1. Powder XRD of Ni/CaAl2O4 before the reaction (shown in red) and after the reaction 
with potassium bicarbonate (shown in blue). 



 

Figure S2. Powder XRD of Ni/Al2O3 before the reaction (shown in red) and after five cycles of 
the reaction (shown in blue). 

 

Table S1. D-spacing and crystallite size of the catalyst before and after reaction 

Sample D-spacing (Å)[a] Crystallite Size (Å)[b] 

Ni/CaAl2O4 (HiFuel 110) 2.03 156 
Ni/CaAl2O4 after reaction 
with KHCO3 

2.02 189 

Ni/CaAl2O4 after reaction 
with K2CO3 

2.03 87 

Ni/CaAl2O4 after 5cycles 2.03 123 
Ni/Al2O3 2.03 139 
Ni/Al2O3 after reaction with 
KHCO3 

2.08 138 

Ni/Al2O3 after reaction with 
K2CO3 

2.03 166 

Ni/Al2O3 after reaction with 
Na2CO3 

2.03 147 

Ni/Al2O3 after 5 cycles 2.03 154 
[a] D-spacing was calculated by Bragg’s law and all measurements are within 0.1 Å [b] 

crystallite size measurements are all within 1 Å. 



2.2 Gas Chromatography data 
Figures S3 and S4 show the standard gas chromatography, which was used for the analysis of the 
products. The gas chromatography shows a peak at 1.8 minutes which corresponds to hydrogen. 
The peak 2.2 minutes relates to nitrogen/air and the peak at 4.5 minutes corresponds to methane, 
the reaction product. If carbon monoxide or carbon dioxide were present a peak would appear in 
the gas chromatography at 2.8 minutes and 8.5 minutes, respectively. 

 
Figure S3. A representative GC spectrum of the reaction with the conditions of 48 hours, 300mg 
Ni/Al2O3, 225° C, 10 mL H2O, 50 bar H2, 10 mmol K2CO3. 1.8 min: H2, 2.2 min N2/air, 4.5 min 
CH4.  

 

 
Figure S4. A representative GC spectrum of the reaction with conditions of 48 hours, 300mg 
Ni/Al2O3, 225° C, 10 mL H2O, 50 bar H2, 10 mmol K2CO3 zoomed between 4 and 12 minutes. 
Peak at 4.5 min corresponds to the reaction product, CH4. 
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 To calculate the amount of methane that was produced, the integration values were 
obtained from the gas chromatography spectrum. For example, the chromatograms shown in 
figures S3 and S4 have 99.85% H2 and 1.15% CH4. Nitrogen is excluded from the calculation (it 
is due to air present during the injection using a gas syringe). These integration values are 
normalized to account for their response factors. Once the response factors are accounted for the 
integration values are 95.75% H2 and 4.25% CH4. The pressure prior to releasing the gas was 
recorded and utilized for the next step of the calculation. The pressure of 655 psi at the time of 
release is multiplied by the percentage of methane. This results in 27.83 psi of methane. This is 
converted to atm for further computations by dividing the pressure in psi by 14.696 to obtain 
pressure in atm. This pressure is then used in gas law’s equation to compute the amount of moles 
of methane as shown in equation S1. The temperature that is used for the calculation is the 
temperature at the time of the release of the gas. After using gas law’s equation, there was 10 
mmol of methane in the gas released from the reactor. This provides the 100% yield that was 
observed. 

!"#	"%	!&'ℎ)*& = (1.894	)'!)(0.130	5)
(27.0	℃ + 273.15)(0.0821	 )'! ∗ 5

!"# ∗ <)
 

Equation S1. Example calculation showing the amount of methane (mol) produced, where the 
volume is the volume of the reactor was (0.130 L), the temperature is the temperature at which 
the gas is released, and R is the ideal gas constant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



2.3 SEM/XRF data of the catalysts 
 

Figure S5. A SEM image and EDS mapping of the Ni/CaAl2O4 catalyst after activation 

The weight concentrations were 27.4% Ni, 11.95% Ca, 38.17% Al, and 23.47% O as determined 
by Energy Dispersion X-Ray Spectroscopy.  

  

Aluminum Calcium Nickel Oxygen 



 

Figure S6. XRF of 25%Ni/Al2O3 after activation under H2 

The nickel signals are marked with black markings. Aluminum is marked with blue markings. 
The residual rhodium peaks are marked with orange markings. The rhodium peaks are present 
because the X-Ray source is rhodium.   

 
Figure S7. XRF spectra of 25%Ni/Al2O3 after activation zoomed into 0-15KeV 

Table S2. Weight concentration of Ni/Al2O3 

Catalyst Nickel (%w) 
Ni/Al2O3 25.80±0.35 
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2.4 NMR data 
 

A 13C NMR spectra of the solution after capture of CO2 from the air (DAC) with KOH following 
the procedure described in 1.5 was collected and is presented in Figure S8. For this, a small 
aliquot of the solution (100 µl) was dissolved in 1 mL of D2O. 100 mg of imidazole was used as 
an internal standard. The obtained peak at 164.8 ppm corresponds to a mixture of potassium 
bicarbonate/carbonate that was produced as a result of the capture. Nuclear Overhauser Effects 
were excluded from the program and the peaks were integrated to determine the amount of CO2 

captured. 

 

 
Figure S8. Proton decoupled 13C NMR of the DAC solution after capture (in D2O with imidazole 
as internal reference). 

   

  



Figure S9 shows the proton decoupled 13C NMR spectra of a 1/1 mixture of potassium 
carbonate/potassium bicarbonate (K2CO3/KHCO3), whose 13C signals appear as a single peak in 
D2O at 164.04 ppm. Imidazole was used as the internal standard. This peak matches closely the 
peak shown in Figure S8.  

 

 
Figure S9. Proton decoupled 13C NMR of a 1:1 mixture of potassium carbonate/potassium 
bicarbonate (in D2O with imidazole as internal reference). 

  



Figure S10 shows the 13C NMR spectra of a sample of potassium bicarbonate, KHCO3, in D2O. 
Imidazole was used as the internal standard. 

 

 

Figure S10. Proton decoupled 13C NMR of a potassium bicarbonate, KHCO3 (in D2O with 
imidazole as internal reference)  

  



Figure S11 shows the Proton decoupled 13C NMR spectra of a sample of potassium carbonate, 
K213CO3, in D2O. Imidazole was used as the internal standard. 

 

 

Figure S11. Proton decoupled 13C NMR of potassium carbonate, K213CO3 (in D2O with 
imidazole as internal reference)  

 

A reaction with 13C labeled K213CO3 was performed to determine whether the resulting methane 
would be 13C-labelled (following the condition in Table 3, entry 3). For this, part of the gas 
mixture after the reaction with K213CO3 was bubbled through a solution of deuterated toluene and 
a 1H NMR spectrum was collected. Methane is known to appear at about 0.17 ppm in toluene-d8. 
1,2 With 13C-labelled methane, the methane peak would appear as a doublet. And this was indeed 
what was observed in the spectrum (Figure S12 and S13 A), showing that the methane resulting 
from the reaction was 13C-labelled. The 1JCH value obtained was equal to 125.7 Hz. There was 
also a trace amount of 12C-methane (due to the presence of K212CO3 in the carbonate which was 
98.7% 13C according to the manufacturer). 

 

 



 

Figure S12. 1H NMR of the gas mixture after reaction with K213CO3 showing the 13C-methane 
peaks around 0.17 ppm (as well as the peak corresponding to H2 at 4.48 ppm due to the presence 
of H2 in the gas phase) in toluene-d8. The expansion of the methane region is shown in Figure 
S13 A. 

   

  



Following a similar procedure, where methane from the reaction mixture is bubbled through 
deuterated toluene to obtain a methane signal, 1H NMR was also obtained for pure 13C-methane 
and 12C-methane to confirm that the methane in the reaction gas mixture was 13C labelled. Figure 
S13-C shows that the 12C-methane peak is at 0.16 ppm. Figure S13-A and S13-B show the 13CH4 
peaks in the same positions (~0.01 and 0.31 ppm) and with the same 1JCH coupling constant of 
125.7 Hz. Thus, it was confirmed that we can synthesize 13C labelled methane from 13C labelled 
carbonate salts. 

 
Figure S13. 1H NMR of methane in toluene from various methane sources shown from -0.2 ppm 
to 2.5 ppm [A] from reaction gas mixture as shown in Figure S12 [B] from 99% 13C pure 13C-
methane [C] From 12C-methane. Taken in toluene-d8. 

 

A 13C NMR spectrum was also collected after the reaction with K213CO3 to determine whether 
the resulting methane was 13C-labelled (Figure S14). The gas mixture after the reaction was 
bubbled through a solution of deuterated toluene. There is a peak at 0 ppm, which corresponds to 
methane, as verified by analyzing 99% 13C methane (Figure S15).  

 



 
Figure S14. Proton decoupled 13C NMR of the gas mixture after reaction with K213CO3 showing 
the 13C-methane peaks around 0 ppm. Taken in toluene-d8. 

  



 

 

Figure S15. Proton decoupled 13C NMR of 13CH4 (99% 13C) showing the 13C-methane peaks 
around 0 ppm. Taken in toluene-d8. 
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