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1.1 Environmental impact of CO2 emission 

 Carbon dioxide (CO2), one of the main constituents of greenhouse gases, is widely 

considered to be the primary driver of global warming and climate change. CO2 accounts for 

approximately 76% of global greenhouse gases emissions, mainly from the usage of fossil 

fuels and industrial processes.1  

 

Figure 1. Global anthropogenic greenhouse gas emission by group of gases. Based on data from 2010. 
Source : IPCC 5th assessment report (2014). 

 The Paris Agreement has called on nations to limit global warming to well below 2°C, 

preferably 1.5 °C compared to pre-industrial levels. Anthropogenic CO2 emission has been 

rising exponentially ever since the dawn of the industrial revolution. According to the special 

report on global warming of the Intergovernmental Panel on Climate Change (IPCC), human 

activities are estimated to have caused approximately 1.0 °C of global warming above pre-

industrial levels, and is likely to reach 1.5 °C if the rate of increasing follows the current 

trajectory.2 Therefore, the common consensus is that the global carbon emission has to be 

greatly reduced before reaching a point of no return in order to prevent catastrophic climate 

disaster that will potentially threaten the very existence of human species.  
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Figure 2. Annual production-based emissions of CO2. Data from 1750 to 2021 is shown. Source: Hannah 
Ritchie, Max Roser and Pablo Rosado (2020) - "CO2 and Greenhouse Gas Emissions". Published online 
at OurWorldInData.org. Retrieved from: 'https://ourworldindata.org/co2-and-other-greenhouse-gas-
emissions'. 

1.2 Carbon capture, utilization, and storage (CCUS) 

 Carbon capture and sequestration, or more commonly known as carbon capture and 

storage (CCS),3–10 together with carbon capture and utilization (CCU)11–19 have become 

increasingly important for the reduction of carbon emission. CCS technologies involve mainly 

3 steps: CO2 capture, transportation, and storage. In essence, CO2 is captured from point 

sources with high carbon emissions such as power plants and industrial plants, and is 

transported mainly using pipelines to a suitable geological site for permanent storage. 

However, there are major issues associated with CCS technology that have to be solved for 

it to become mainstream. From an economic point of view, the deployment of CCS 

infrastructure requires high capital investment for something that offers virtually little to no 

profitability, due to the fact that permanent storage of CO2 itself does not offer much in terms 

of business opportunity. Moreover, on the technical aspect, CCS is not always a viable option 

due to geographical constraints, since finding a suitable storage site is a challenging task.20,21  

 Amidst the ever-growing concern on climate change and depletion of fossil resources, 

CCU technology has garnered broad attention in both academic and industrial sectors due 

to the prospect of converting CO2 into valuable products such as fuels or chemicals, while 

simultaneously contributing to climate change mitigation. The implementation of CO2 as C1 

source in the petrochemical industries as an alternative to non-renewable fossil feedstock is 
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promising for the realization of a closed carbon cycle, and it is potentially more profitable than 

CCS due to the fact that value-added products can be sold commercially. Although it may 

sound like CCU is the “dream” technology to reduce CO2 emissions, converting CO2 into 

various products is a challenging task as the process is extremely energy intensive due to 

the high thermodynamic stability of CO2 (ΔfH˚298K = -393.47 kJ mol-1). Furthermore, at current 

stage, the largest scale chemical utilization of CO2 is for the production of urea, which 

consumes approximately 140 Mt CO2 yr-1.18 This is merely a drop in the ocean when 

compared to the annual CO2 emission of more than 30 Gt CO2 yr-1 (vide infra) in current era. 

Nevertheless, effective utilization of CO2 as a carbon feedstock remains a highly attractive 

prospect for truly enabling a sustainable future, and both CCS and CCU can be integrated 

and developed in tandem to achieve this goal. 

 

1.3 Catalytic hydrogenation of CO2 

 Utilization of CO2 as a feedstock for the production of chemicals and fuels requires a 

reduction process to turn CO2 into various oxygenates and hydrocarbons. Catalytic 

hydrogenation of CO2 has been studied extensively because hydrogenation process is 

arguably the most practical method for CO2 conversion; the process is straightforward and 

effective when compared to other methods such as photochemical or electrochemical 

conversion, and the process is essentially carbon-neutral on the premise that H2 originates 

from renewable energy sources (i.e., green hydrogen).22–29 Furthermore, effective utilization 

of H2 is also in line with the concept of “Hydrogen Society” as advocated by the Government 

of Japan.30–33 

 The synthesis of value-added products via CO2 hydrogenation follows several possible 

upgrade pathways as shown in Figure 3. Considerable progress has been made in the 

research for CO2 hydrogenation to C1 products. Among them, CO2 hydrogenation to 

methanol34–41 has received widespread attention owing to the concept of “methanol economy” 

as proposed by the late Nobel prize laureate, George A. Olah.42 Methanol, as the simplest 

alcohol, is one of the most important commodity chemicals in the world. Methanol is used as 

a precursor to many other important chemicals such as formaldehyde, acetic acid, and methyl 

methacrylate. Methanol can also be used for the production of synthetic fuels such as 

ethylene and propylene via the methanol-to-hydrocarbons (MTH) process,43–47 or employed 

as a fuel itself by mixing with gasoline. Additionally, methanol can be converted to dimethyl 

ether (DME), a clean fuel that is non-toxic and non-corrosive, via dehydration.48–51 Similar to 

methanol, DME is also an important building block for the production of many commonly used 
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chemicals such as methyl acetate, dimethyl sulphate, and can also be converted to light 

olefins and gasoline. Therefore, the direct synthesis of DME via CO2 hydrogenation has also 

been studied alongside CO2-to-methanol.  

 CO2 hydrogenation to higher alcohols, especially ethanol, have also been gaining 

attention lately,52–58 albeit to a lesser extent than CO2-to-methanol as ethanol synthesis is a 

far more challenging process which requires C−C coupling. The same could be said about 

Fischer-Tropsch (FT) synthesis using CO2 to produce synthetic fuels,59–64 which usually 

occurs in parallel with CO2 hydrogenation to higher alcohols, and as a consequence, lowering 

the selectivity of the desired product(s). For these processes, the ability to maintain a high 

yield and selectivity remains a daunting task, and more studies are needed for these 

technologies to become viable.  

 Another classical example of CO2 hydrogenation is methanation reaction, also known 

as the Sabatier reaction.65–69 Since methane is the primary component of natural gas, there 

was a growing interest in CO2 methanation as a way to produce synthetic natural gas (SNG) 

in the past. In recent years however, against the backdrop of shale revolution in the USA, the 

synthesis of methane via CO2 hydrogenation simply does not make much sense economically, 

leading to the diminishing of interest in large scale production of SNG.  

 

Figure 3. Various pathway for the hydrogenation of CO2 into value-added products. 
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1.4 Unsteady-state catalytic systems for CO2 utilization 

Dual functional materials (DFMs) represent a promising approach to enhance the 

energy efficiency of carbon capture and utilization (CCU) by CO2 capture and reduction into 

a single operation, which is one of the unsteady-state catalytic systems. By leveraging waste 

heat and reducing the complexity of operations, CCR offers potential economic and 

environmental benefits over conventional CCU processes. DFMs, such as calcium oxide 

combined with methanation catalysts, can produce value-added products like methane, 

carbon monoxide, or methanol. However, the practical implementation of CCR requires 

addressing challenges related to material performance, energy efficiency, and process 

optimization. 

The success of CCR depends on identifying optimal DFM operating conditions, such 

as balancing temperature swings and isothermal processes. While temperature swings can 

enhance CO2 capture and product yield, they impose energy penalties and may degrade 

materials. Current research highlights that the hydrogen-to-CO2 ratio significantly impacts the 

thermodynamics and kinetics of CCR, with high ratios often being inefficient due to the 

wastage of renewable hydrogen. Furthermore, the choice of product—methane, carbon 

monoxide, or methanol—must align with the operational context, as each has distinct 

advantages and challenges. 

Advancing DFM technology also requires deeper insights into the adsorbent-catalyst 

interface and the reaction mechanisms. High temperatures (e.g., ~300 °C) are necessary for 

effective CO2 hydrogenation, which poses challenges for material durability, especially for 

components like calcium oxide prone to sintering. 

To accelerate DFM research and implementation, the scientific community must 

establish consistent benchmarking standards and reporting practices. Clear definitions of 

performance metrics, such as CO2 conversion and hydrogen utilization, are essential to 

facilitate meaningful comparisons across studies. Additionally, incorporating realistic 

industrial conditions, such as gas composition and temperature, will bridge the gap between 

laboratory research and practical applications, ultimately driving the commercialization of 

DFMs for sustainable carbon utilization. 
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1.5 Thesis outline 

 This thesis focuses on several unsteady-state catalytic systems for CO2 utilization, 

which have the potential to contribute to a carbon-neutral society. This thesis will be divided 

into the following chapters: 

Chapter 2: CO2 capture and hydrogenation to CO over Pt-based and Cs-based DFMs. 

Chapter 3: CO2 capture and hydrogenation to CH4 over Ni-based DFMs. 

Chapter 4: Unsteady-state tandem catalytic systems for CO2 capture and reduction. 

Chapter 5: CO2 reforming by CH4 via chemical looping technology 
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CO2 capture and hydrogenation to CO 

 over Pt-based and Cs-based DFMs 
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2.1 Introduction 

Since the Industrial Revolution in the late 18th century, fossil fuels such as coal, oil, and 

natural gas have been widely consumed in large quantities around the world, mainly as 

energy sources and raw materials for chemical products. It is no exaggeration to say that 

human activities and prosperity would not be possible without fossil fuels. This dependence 

on fossil fuels is directly linked not only to the depletion of finite fossil resources, but also to 

the massive release of carbon dioxide, the main cause of global warming (Fig. 1). The 

reduction in greenhouse gases emissions is of utmost significant as a global issue.CO2 is 

one of the main components in greenhouse gases. In recent years, the synthesis of general-

purpose chemical products and chemical energy carriers by carbon dioxide conversion has 

been actively studied worldwide as a means of addressing these two global problems. To 

reduce CO2 emissions, considerable effort devoted to the development of CO2 capture and 

storage (CCS)1–7 and CO2 utilization8-40 over several decades. CCS has great potential to 

store a large amount of CO2, however, there is concern that CO2 may be released into the 

atmosphere. For CO2 utilization, catalytic reaction technologies are indispensable, and many 

catalytic technologies using heat, light, and electricity as activation sources have been 

reported. Some of these reactions have been industrialized,8a most of them require the 

separation and purification of CO2, which are high energy process.  

 

Figure 1 Per capita CO2 emissions in 2016 for each country 

Chemical looping (CL) has recently attracted attention as an alternative to avoid CO2 

separation/purification as it utilizes diluted CO2 directly.9–13 CO2 capture and reduction with 
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H2 (CCR) into CH4/CO is one of the most effective CL processes.21–23, 25–40. CCR is 

theoretically applicable to CO2 utilization in flow containing O2, as chemical absorption of CO2 

is uninhibited by O2; this is advantageous from a practical viewpoint. During this process, the 

reaction regulation (methanation or reverse water-gas shift reaction: RWGS) is necessary to 

selectively obtain CH4 and CO. Several systems using CO2 absorbents, such as CaO and 

MgO, with Ru-based CO2 methanation catalysts have been reported.21–23 However, the 

reported systems suffered from significant decrease in CO2 capture capacity and CH4 

productivity after several cycles.22,23 In addition, some of them required the temperature 

swing for efficient CO2 absorption/desorption.21,24 

To demonstrate CCR reactions under isothermal conditions, dual-functional materials 

(DFMs), consisting of basic promoters for CO2 absorption and metal nanoparticles active for 

CO2 hydrogenation, have been studied recently.25-40 Farrauto et al. first developed Al2O3 

supported Ru and Ca (Ru-Ca/Al2O3) as a DFM to demonstrate CO2 capture from the mixture 

with O2 and reduction with H2 to form CH4 under isothermal conditions of 350 °C (Fig. 2).25,26 

They observed that CO2 adsorbs onto CaO disperses on Al2O3 and then spills to Ru during 

hydrogenation. Gonzalez-Velasco and co-workers revealed that Ru-Na/Al2O3 was more 

effective than Ru-Ca/Al2O3 for the CCR to form CH4 at lower temperatures. This is because 

that the adsorbed CO2 on Na2O/NaOH was decomposed at a lower temperature compared 

to that on CaO/Ca(OH)2.27 A few patents have also appeared for CCR using Ru-based 

DFMs.31,32  

 

 

Figure 2 (a) Process diagram for CCR (b) The demonstration CO2 capture from the 

mixture with O2 and reduction with H2 using Ru-Ca/Al2O3 by Farrauto et al. 
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As non-noble metal-based catalysts, K- or La-promoted Ni/ZrO2 were investigated by the 

group of Urakawa. Ni-La/ZrO2 showed the temperature-independent CO2 capture capacity 

and rapid reduction of captured CO2. Although the initial CO2 capture capacity of Ni-K/ZrO2 

was larger, it decreased during cyclic unsteady-state reaction conditions28. Recently, 

Kuramoto et al. demonstrated the capture of diluted CO2 from a mixture with O2 and selective 

hydrogenation to CH4 over Ni-Na/Al2O3 under pressurized conditions at 450 °C.40 In the 

context of CO formation, Urakawa et al. developed FeCrCu/K/MgO-Al2O3 to synthesize CO 

selectively through CO2 capture from a mixture with O2 and successive RWGS at 450−550 °C 

29. A protocol for continuous CCR operation using two reactors has also been proposed. They 

investigated the effect of K on Cu based on the comparison between Cu/Al2O3 and K- or Ba-

promoted catalysts, revealing that the K promoter suppressed the oxidation of metallic Cu by 

CO2
30. Ni-based DFMs for CO formation have been also reported by Wu et al.33 and Kim et 

al.34, respectively.  

 

 

Figure 3 (a)Concept of CCR (b) Performances of Ni/γ-Al2O3 and Ni/Na-γ-Al2O3 for CO2 

capture and reduction into CH4 at 450 °C 

 

However, these systems required severe reaction conditions around 600−700 °C due to 

the endothermic character of RWGS.41,42 Previous studies have developed effective DFMs 

and investigated the role of basic promoters. However, there are far few reports on selective 

CO formation, despite the fact that CO is more useful than CH4 from the chemical synthesis 

perspective43. Thus, the development of DFMs effective for selective CO formation through 

CCR at lower temperature is still strongly demanded. In addition, although some previous 

studies indicated that basic promoters affect the selectivity of CO and CH4,30,40 the detailed 
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effect on surface structures of DFMs and its impact on CO/CH4 formation remained 

unrevealed. Moreover, the durability of DFMs in long-term CCR operations has rarely been 

investigated.29 

In this study, we developed a Na-promoted Pt nanoparticles (NPs) on Al2O3 (Pt-Na/Al2O3) 

as an effective DFM for selective CO production through CCR. The developed catalyst was 

efficient under isothermal conditions at 350 °C. Comprehensive characterizations were 

carried out including scanning transmission electron microscopy (STEM), energy-dispersive 

X-ray (EDX) spectroscopy, X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS), X-

ray photoelectron spectroscopy (XPS), and Fourier transform infrared (FTIR) spectroscopy 

with CO adsorption. These characterizations revealed the formation of Na-modified Pt NPs 

on Al2O3. In situ FTIR measurements during CCR showed that the adsorption of generated 

CO was inhibited over Pt-Na/Al2O3, resulting in selective CO formation. The relationship 

between the surface structure of Pt NPs and CO formation and the applicability in continuous 

CCR operation were also investigated. 
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2.2 Experimental Section 

2.2.1 Sample Preparation 

 All catalysts were synthesized by wetness impregnation method. For Pt-Na/Al2O3, 

Al2O3 was first obtained by calcination of AlOOH at 900 °C for 3 h. Next, an appropriate 

amount of NaNO3 aqueous solution was impregnated on Al2O3 (Na2O: 3 wt%). After stirring 

for 3 h at room temperature, the suspension was evaporated at 50 °C over a vacuum pump 

and then dried at 100 °C overnight. The obtained solid was calcined at 600 °C for 2 h to afford 

Na-Al2O3. Afterwards, (NH3)2Pt(NO3)2 was impregnated over Na-Al2O3 (Pt: 1 wt%) in the 

same manner, giving the as-calcined Pt-Na/Al2O3. Finally, Pt-Na/Al2O3 was obtained by H2 

treatment of the as-calcined Pt-Na/Al2O3 at 350 °C. Other catalysts were synthesized using 

the same procedures with Pt-Na/Al2O3 catalyst as describe above. 

 

2.2.2 CO2 Capture from the mixture O2 and reduction with H2 

The CCR was performed on a vertical quartz fixed-bed flow reactor. A 100 mg of 

catalyst was put on quartz wool in the middle of the reactor. The reactor set in an electric 

tube furnace was heated to 350 °C under a N2 flow (95 mL/min), and then the catalyst was 

reduced under 5% H2/N2 (100 mL/min) for 30 min at 350 °C. Subsequently, a 1% CO2/10% 

O2/N2 (100 mL/min) flow was fed into the reactor for 4 min to capture CO2, and then the 

feeding gas was switched to 5% H2/N2 (100 mL/min) for 15 min to reduce the adsorbed CO2. 

The composition (CO, CH4, and CO2) of effluent gas was quantitatively analyzed using a 

FTIR spectroscopy (JASCO FT/IR-4600) combined with a gas cell. 

  

2.2.3 Characterization 

XRD measurements were carried out on a Rigaku MiniFlex II/AP diffractometer with 

Cu Kɑ radiation. High-angle annular dark field STEM (HAADF-STEM) images were recorded 

on a FEI Titan G2 microscope equipped with an EDX analyzer. Pt L3-edge XAS 

measurements were performed in transmittance mode at the BL14B2 beamline in SPring-8 

with a Si (311) double-crystal monochromator. The all the spectra were recorded at room 

temperature. Note that the H2-treated samples were sealed in the glove box under Ar 

atmosphere and then used for the measurements without exposure to air. The analysis of 

XAS spectra was conducted using Athena software ver. 0.9.25, included in the Demeter 

package.44 Fourier-transform of the extended X-ray absorption fine structure (EXAFS) 

oscillation was obtained in the k range of 3−12 Å−1. The back Fourier-transform obtained in 
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the R range of 1.9−3.4 Å was used for curve-fitting. FEFF8 was used for the calculation of 

the back-scattering amplitude and phase shift functions. XPS spectra were measured on a 

JEOL JPC-9010MC spectrometer having a modified UHV chamber employing Mg Kα 

radiation. The H2-treated samples were transferred to the chamber without exposure to air. 

Charge correction was referenced using the O 1s peak at 532.0 eV. FTIR spectra of adsorbed 

CO were obtained using a JASCO FTIR-4100 spectrometer with a mercury-cadmium-

telluride (MCT) detector in a transmission mode (resolution 4 cm−1) under a dynamic condition. 

A 40 mg catalyst was pressed into a pellet set in a quartz cell equipped with CaF2 windows 

and a Dewar vessel. The catalyst was purged with He for a few minutes, and then the fed 

gas switched to H2 (20 mL/min) for reduction at 350 °C for 30 min. Next, the gas was switched 

back to He and the sample was cool down to room temperature followed by vacuum treatment. 

The background spectrum was taken after the temperature decreased to –100 °C by using 

the mixture of liquid nitrogen and ethanol. The sample was exposed to 10% CO/He (3 

mL/min) and the gas pressure was kept at 100 Pa. Then, the cell was evacuated in vacuum 

to remove CO in gas phase and physiosorbed on the catalyst. In situ FTIR measurements 

for CCR was carried out using a JASCO FT/IR-4600 spectrometer with a MCT detector and 

a flow-type quartz IR cell connected to a flow system. The self-supported pellet samples were 

heated under flowing 10% H2/N2 (100 mL/min) at 350 °C for 30 min prior the measurement. 

The background spectrum was taken after switching the gas to pure N2, followed by IR 

spectra recorded under a 1% CO2/10% O2/N2 (100 mL/min) flow at 350 °C for 10 min. 

Afterwards, the IR cell was purged by pure N2 (100 mL/min) for 1 min and then switched to 

10% H2/N2 (100 mL/min) at 350 °C for 30 min. 

 

2.2.4 Long-term Continuous CCR Operation 

 A long-term continuous CCR operation was performed using two fixed-bed flow 

reactors (reactor A and B). A 300 mg of Pt-Na/Al2O3 was put on quartz wool in the middle for 

both reactors. Two sides of tube were filled with sea sand. Two timer-control 4-way valves 

on the top and bottom of the reactors were switched at the same time to continuously change 

two gases for CO2 capture and reduction as well as collect two effluent gases. Both reactors 

set in an electric tube furnace were heated to 350 °C under a N2 flow (90 mL/min). 

Subsequently, 10% H2/N2 (100 mL/min) was introduced to the reactors for pretreatment for 

20 min at 350 °C with one by one. After that, 100 mL/min of 0.5% CO2/10% O2/N2 was fed to 

reactor A for 30 sec, and then the gas was switched to 100 mL/min of H2 for the other 30 sec. 

Oppositely, 100 mL/min of pure H2 was fed to reactor B for 30 sec, and then the gas was 
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switched to 100 mL/min of 0.5% CO2/10% O2/N2 for the other 30 sec. The effluent gases 

containing uncaptured CO2 (effluent 1) and generated CO, CH4 and desorbed CO2 (effluent 

2) were continuously collected in each outlet line. The compositions of two effluent gases 

were continuously collected, as per the monitoring by FTIR spectroscopy (JASCO FT/IR-

4600) with gas cells. The background spectrum was measured after H2 pretreatment followed 

by N2 purge. These gas switching were repeated 6000 cycles to evaluate the long-term 

durability for 100 h. 

 

2.3. Results and Discussion 

2.3.1 Results of catalytic activity test in CCR operation 

Initially, Pt/Al2O3 (Pt: 1 wt%), Na/Al2O3 (Na: 3 wt%) and alkali/alkaline earth metal-

promoted Pt/Al2O3 [Pt-M1/Al2O3 (Pt: 1 wt%, M1 = Na, K, Mg, or Ca, 3 wt% of Na2O and MgO, 

6 wt% of K2O and CaO, M1: 0.75–1.3 mmol/g)], were synthesized in a similar way. They were 

then evaluated for CO2 capture from a mixture with O2 (1% CO2/10% O2/N2) and successive 

reduction with H2 (5% H2/N2) under isothermal conditions at 350 °C (Table 1). Pt/Al2O3 

showed a low CO2 absorption ability (AbsCO2: 0.08 mmol/g) and afforded a small amount of 

CO and CH4 (1 and 6 μmol/g, respectively). The maximum CO concentration (CCOmax) was 

low (37 ppm) along with the low CO selectivity (SelCO: 11%). By contrast, Pt-Na/Al2O3 

exhibited a higher AbsCO2 value (0.19 mmol/g) and yielded a much larger amount of CO (158 

μmol/g) with a small amount of CH4 (12 μmol/g). The AbsCO2 value was similar to that of 

Na/Al2O3 (0.21 mmol/g), indicating that Na species serves as CO2 capture sites. The molar 

ratio of AbsCO2 and Na loading amount (3 wt% of Na2O) was determined as 39%, which is 

comparable with the highest value in previously reported DFM form CH4 formation. The 

CCOmax value had significantly risen to 1559 ppm, and SCO reached 93%. The conversion of 

absorbed CO2 (ConvabsCO2) based on the CO2ad value and the amounts of CO and CH4 

produced was 89%. When Pt-K, Pt-Mg, or Pt-Ca/Al2O3 was used instead of Pt-Na/Al2O3, the 

CCOmax, SelCO, and ConvabsCO2 values decreased to 57–358 ppm, 31%–84%, and 5%–22%, 

respectively. Note that the AbsCO2 for Pt-Ca/Al2O3 was the highest (1.07 mmol/g) among Pt-

M1/Al2O3. As a control experiment, a physical mixture of Pt/Al2O3 and Na/Al2O3 was used for 

CCR. Although the COmax and ConcabsCO2 increased by combining Na/Al2O3 with Pt/Al2O3, 

the amount of generated CO and SelCO values were much lower than those for Pt-Na/Al2O3, 

indicating that Na species serve as not only CO2 capture sites but also act as a promotor to 

enhance the CO formation. Figure 4 shows the effluent concentration profiles of CO2 and 

reduction products (CO and CH4) for Pt/Al2O3, Pt-Na/Al2O3, and Pt-Mg/Al2O3. There was a 
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longer duration of CO2 capture for Pt-Na/Al2O3 than Pt/Al2O3 and Pt-Mg/Al2O3, confirming the 

higher AbsCO2 of Pt-Na/Al2O3. During the reduction period, the duration of CH4 formation was 

longer (>300 s) than that for CO formation (ca. 50–150 s) for Pt/Al2O3 and Pt-Mg/Al2O3. By 

contrast, the duration of CO formation was much longer (>500 s) for Pt-Na/Al2O3, and CH4 

formation was continuously suppressed for >500 s. These results clearly demonstrate that 

the basic promoters influence the formation of CO and CH4 through the hydrogenation of 

absorbed CO2 with H2. 

Additionally, other metal NPs supported on Na/Al2O3 (M2-Na/Al2O3, M2 = Pd, Ru, and Cu, 

1 wt%) were also prepared and compared with those of Pt-Na/Al2O3. The total amounts of 

generated CO and CH4 for Pd-, Ru-, and Cu-Na/Al2O3 were 19, 34, and 6 μmol/g, 

respectively; these were much lower than those for Pt-Na/Al2O3 (170 μmol/g). Their 

corresponding CCOmax, SelCO, and ConvabsCO2 values were also lower than those of Pt-

Na/Al2O3. Furthermore, Na-modified MgO, SiO2, and TiO2 were synthesized and used to 

prepare other Pt and Na co-loaded materials. Although AbsCO2 was improved by using SiO2 

and TiO2, these additions were not effective for CO synthesis, resulting in an inferior CCOmax, 

SelCO, and ConvabsCO2. Based on these results, Pt-Na/Al2O3 is the best among the DFMs 

tested in this study.  

  To get insights into the plausible Na species (Na2O or NaOH) and carbonate species 

(Na2CO3 or NaHCO3) under the reaction conditions, ab initio thermodynamics analysis was 

performed. Figure 5 shows the most stable Na species depending on partial pressure of CO2 

(pCO2) and temperature (partial pressure of H2O (pH2O) is fixed at 3%). Na2CO3 is the most 

stable species below 700 °C at log(pCO2) = -2 (corresponding to 1% CO2). Under higher 

temperature conditions, the most stable species becomes Na2O. Although NaOH becomes 

more stable than Na2O in lower temperature regions, Na2CO3 is much more stable than 

NaOH. In all the region, NaHCO3 is the most unstable among the considered Na compounds. 

These results indicate that both Na2O and NaOH are possibly formed in the absence of CO2 

(H2 flow) and that Na2CO3 is likely to be formed under CO2 flow rather than NaHCO3. 

Furthermore, the phase diagram depending on pH2O and temperature was described to 

investigate the effect of H2O (Figure 5b, pCO2 is fixed at 1%). NaOH becomes more stable 

with the increase of pH2O. However, Na2CO3 is the most stable species below 700 °C in all 

the log(pH2O) region investigated. This result suggests that Na species possibly serve as CO2 

absorption sites even in the presence of steam. 

 

Table 1. Results of CO2 capture from the mixture with O2 and successive hydrogenation over 
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DFMs 

Catalyst 
AbsCO2

[a] 

[mmol/g] 

CO[a] 

[μmol/g] 

CH4
[a]

 

[μmol/g] 

SelCO
[b] 

[%] 

CCOmax[a] 

[ppm] 

ConvabsCO2
[c]

 

[%] 

Pt/Al2O3 0.08 1 6 11 37 9 

Pt-Na/Al2O3 0.19 158 12 93 1559 89 

Pt-K/Al2O3 0.12 7 16 31 57 19 

Pt-Mg/Al2O3 0.12 13 13 51 98 22 

Pt-Ca/Al2O3 1.07 41 8 84 310 5 

Pt/Al2O3 + 

Na/Al2O3
[d] 

0.08 18 25 41 714 57 

Pd-Na/Al2O3 0.21 14 5 75 61 8 

Ru-Na/Al2O3 0.61 6 28 17 39 6 

Cu-Na/Al2O3 0.13 3 3 50 20 8 

Pt-Na/MgO 0.13 61 13 82 351 57 

Pt-Na/SiO2 0.32 6 7 48 64 4 

Pt-Na/TiO2 0.39 29 18 61 303 12 

Reaction conditions: 100 mg of catalyst, 350 °C, 100 mL/min of 1% CO2/10% O2/N2, followed 

by 100 mL/min of 5% H2/N2 for 15 min. [a] The composition of the effluent gas at the outlet 

was quantitatively analyzed using FTIR spectroscopy combined with a gas cell; these details 

are described in SI. [b] Based on the amount of CO and CH4 generated during the reduction 

period. [c] The total amounts of generated CO and CH4 were normalized by the amount of 

absorbed CO2. [d] A physical mixture of Pt/Al2O3 (100 mg) and Na/Al2O3 (100 mg) was used. 

The amounts of absorbed CO2 and generated CO/CH4 were normalized to the total amount 

of Pt/Al2O3 and Na/Al2O3 (200 mg). 
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Figure 4. Effluent concentration profiles of CO2 and reduction products (CO and CH4) during 

CO2 capture (1% CO2/10% O2/N2, 100 mL/min) and reduction (5% H2, 100 mL/min) over 

Pt/Al2O3, Pt-Na/Al2O3, and Pt-Mg/Al2O3. 
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Figure 5. Free energy (ΔΓ) for the formation of possible Na compounds (left) and phase 

diagram showing the lowest-energy Na compound (right) (a) as a function of CO2 partial 

pressure (pCO2) and temperature (H2O partial pressure (pH2O) is fixed at 3%) and (b) as a 

function of pH2O and temperature (pCO2 is fixed at 1%). 
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2.3.2 Structure and distribution of Pt NPs and basic promoters 

To investigate the structure and distribution of Pt NPs and basic promoters, three DFMs 

(Pt/Al2O3, Pt-Na/Al2O3, and Pt-Mg/Al2O3) were characterized by STEM and EDX. The STEM 

images show the formation of small Pt NPs with mean diameters of 2.0, 2.1, and 1.9 nm for 

Pt/Al2O3, Pt-Na/Al2O3, and Pt-Mg/Al2O3, respectively (Figure 6, for size distribution, see 

Figure 7). Elemental mapping of Pt-Na/Al2O3 revealed that the Pt NPs were surrounded by 

Na species (Figure 8a, for additional STEM and EDX mapping images, see Figure 9). The 

quantitative analysis of elemental mapping showed that the Na/Al molar ratios in the areas 

where Pt NPs existed were higher than those in the areas where Pt NP was absent (Figure 

10). These observations indicate that the Pt NPs were modified with the Na species. By 

contrast, the modified Pt NPs were scarcely observed in the EDX analysis of Pt-Mg/Al2O3 

(Figure 8b). To support the formation of Na-modified Pt NPs, FTIR measurements with CO 

adsorption were conducted (Figure 11). For Pt/Al2O3, two small peaks at 2102 and 2082 cm-

1, assignable to the linearly adsorbed on-top CO on terracelike sites of Pt NPs45 

(corresponding to well-coordinated (WC) Pt sites46) were observed with a main band derived 

from the on-top CO on steplike sites of Pt NPs45 (under-coordinated Pt sites46) at 

approximately 2065 cm-1. For Pt-Na/Al2O3, the peak derived on terracelike sites was hardly 

observed. Besides, a broad band appeared at approximately 2000 cm-1, which is assigned 

to the on-top CO adsorbed near edges and vertices47 (highly under-coordinated Pt sites46). 

For Pt-Mg/Al2O3, the band derived from bridge CO on two Pt atoms was observed at about 

1800 cm-1.46 Based on the EDX analysis results and the CO adsorption experiment, the Na 

species existed on both Al2O3 and Pt NPs, whilst the Mg species were mainly dispersed on 

the Al2O3 surface. The formation of Na-modified Pt NPs has been reported in a few previous 

papers using different supports.48–50 To gain insight into the formation of Na-modified Pt NPs, 

XRD measurements were conducted for Na/Al2O3 and Pt-Na/Al2O3. The XRD pattern of 

Na/Al2O3 was similar to that of the parent Al2O3 and any diffraction peaks derived from NaAlO2 

were not observed (Figure 12), confirming the high dispersion of the Na species. The 

predominance diagram of O-Al-Na system (Figure 13) shows that Al2O3 is the stable phase 

at 600 °C, supporting no observation of NaAlO2 phase. The predominance diagram of O-Al-

Na system (Figure 13) shows that Al2O3 is the stable phase at 600 °C, supporting no 

observation of NaAlO2 phase. Following the impregnation of Pt species and calcination (Pt-

Na/Al2O3 before H2 reduction), new small peaks were observed at 2θ of 22.1°, 35.3°, and 

56.2°; these were assigned to the (110), (210), and (222) diffraction peaks of NaPt3O4,51 

respectively (Figure 14). This suggests that small ternary oxides of Na and Pt were formed 
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on Na/Al2O3.52 We tried to prepare larger NaPt3O4 by increasing the loading amount with 

similar Pt to Na molar ratio (Pt: 3 wt%, Na2O: 9 wt%), but the diffraction patterns derived from 

NaPt3O4 were unfortunately not observed (Figure 14). Upon H2 treatment, these peaks 

derived from NaPt3O4 had disappeared, while peaks derived from metallic Pt were hardly 

observed, which is consistent with the formation of small Na-modified Pt NPs. 

 

 

Figure 6. STEM images of Pt/Al2O3, Pt-Na/Al2O3, and Pt-Mg/Al2O3. The H2-treated samples 

were exposed to air and then used for STEM observations. 

 

 

Figure 7. Different STEM images and size distribution of Pt/Al2O3, Pt-Na/Al2O3, and Pt-

Mg/Al2O3. 
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Figure 8. STEM image and elemental mapping obtained by EDX spectroscopy for (a) Pt-

Na/Al2O3 and (b) Pt-Mg/Al2O3. The H2-treated samples were exposed to air and then used 

for STEM observations and EDX mapping. 
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Figure 9. STEM image and elemental mapping obtained by EDX spectroscopy for different 

regions of Pt-Na/Al2O3. 
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Figure 10. EDS mapping for Pt and elements component of different areas of Pt-Na/Al2O3 

 

 

Figure 11. FTIR spectra of CO adsorption for Pt/Al2O3, Pt-Na/Al2O3, and Pt-Mg/Al2O3. Prior 

to CO adsorption, the catalyst was treated with H2 and CO was introduced at –100 °C without 

exposure to air. Brown: on-top CO on well-coordinated (WC) Pt sites, Black: on-top CO on 

under-coordinated Pt sites, Gray: bridge CO on metallic Pt surface. 
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Figure 12. XRD patterns for Na/Al2O3 and Pt-Na/Al2O3 before H2 treatment, after H2 

treatment, and after CO2 capture. 

 

  
Figure 13. Equilibrium of formation of NaAlO2 from Na2O(s) and Al2O3(G) described using 

HSC Chemistry 9. Initial molar ratio is Na2O : Al2O3 : NaAlO2 = 1 : 1 : 0.. 
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Figure 14. XRD patterns of Pt(1)-Na(3)/Al2O3 after calcination and reduction as well as Pt(3)-

Na(9)/Al2O3 after calcination. 
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2.3.3 Electronic state of Pt NPs in Pt/Al2O3, Pt-Na/Al2O3, and Pt-Mg/Al2O3 

It has been reported that Na promoters affect the electronic state of supported Pt NPs 

as indicated by spectroscopic techniques.49,53,54 XAS and XPS measurements were 

performed to investigate the electronic state of Pt NPs in Pt/Al2O3, Pt-Na/Al2O3, and Pt-

Mg/Al2O3. After H2 treatment, samples were characterized without exposure to air in both 

measurements. In Pt L3-edge XAS measurements, X-ray absorption near edge structure 

(XANES) spectra for the three DFMs were similar to those for Pt foil as opposed to PtO2. The 

whiteline intensities for Pt-Na and Pt-Mg/Al2O3 were slightly higher than those for Pt/Al2O3, 

indicating that Pt NPs in Pt-Na and Pt-Mg/Al2O3 were slightly electron-deficient compared to 

Pt/Al2O3 (Figure 15). The whiteline energy of Pt/Al2O3 was 11564.6 eV, which is closer to that 

of Pt foil (11563.9 eV) than that of PtO2 (11565.6 eV). For Pt-Na and Pt-Mg/Al2O3, the energy 

values are slightly higher than that of Pt/Al2O3 (11564.9 and 11565.2 eV vs. 11564.6 eV, 

respectively). The FT of EXAFS spectra (Figure 15b) showed a Pt−Pt scattering peak at ~2.6 

Å with coordination numbers 9.0, 8.0, and 8.1, respectively (for results of curve-fitting analysis, 

see Table 2). In the XPS measurements, the Pt 4d region exhibited a 4d5/2 peak at 315.0 eV, 

which was assigned to metallic Pt for three DFMs. The peak top for Pt-Na and Pt-Mg/Al2O3 

was slightly broad toward higher energy values (Figure 16a), supporting the results obtained 

in the XAS measurements. Note that the signals from Pt 4f5/2, 4f7/2, and 4d3/2 were potentially 

overlapped by signals from Al 2p, Na 2s, and Na KLL, respectively; thus, these regions are 

unsuitable to discuss the electronic state of Pt NPs. The XPS spectrum of the Na 1s region 

of Pt-Na/Al2O3 showed one signal at 1073.3 eV derived from monovalent Na (Figure 16b). 

This signal confirmed the presence of Na species in the oxidized state. In the spectrum of Mg 

2p for Pt-Mg/Al2O3, main and shoulder signals, attributable to MgAl2O4 and Mg(OH)2 were 

observed at 51.2 and 48.5 eV,55 respectively (Figure 16c), which supports the presence of 

Mg species on Al2O3. 

Furthermore, the effect of different supports (Al2O3, MgO, SiO2, and TiO2) was studied 

by N2 adsorption, XRD, and CO2 TPD. Pt-Na/Al2O3 and Pt-Na/SiO2 (141 and 152 m2/g) 

showed much larger specific surface area than those of Pt-Na/MgO and Pt-Na/TiO2 (28 and 

42 m2/g). The XRD patters (Figure 17) showed that the diffraction peaks derived from metallic 

Pt and bulk Na2O or Na2CO3 were hardly observed for Pt-Na/SiO2, MgO, TiO2. In CO2 TPD 

measurement (Figure 18), there is almost no CO2 desorption over Pt-Na/MgO and Pt-Na/SiO2 

below 600 °C whereas the CO2 desorption peak for Pt-Na/TiO2 was smaller than that for Pt-

Na/Al2O3. From the results of N2 adsorption, XRD, and CO2 TPD measurements, the different 

CO2 desorption property is the most plausible reason why Pt-Na/Al2O3 showed superior 
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performance to Pt-Na/SiO2, MgO, TiO2
 rather than different surface areas and dispersion. 

 

Figure 15. Pt L3-edge XANES spectra (left) and EXAFS Fourier transforms (right) of Pt/Al2O3, 

Pt-Na/Al2O3, and Pt-Mg/Al2O3 (without exposure to air after H2 treatment). All spectra were 

obtained at room temperature.  

 

Table 2. Curve-fitting analysis of Pt L3-edge EXAFS of Pt catalysts 

Catalyst Shell Ra [Å] CNb σc [Å] R-factord [%] 

Pt/Al2O3 Pt-Pt 2.76 9.0 0.074 3.8 

Pt-Na/Al2O3 Pt-Pt 2.74 8.0 0.082 2.7 

Pt-Mg/Al2O3 Pt-Pt 2.76 8.1 0.084 3.1 

[a] Bond distance. [b] Coordination numbers. [c] Debye−Waller factor. [d] Residual factor. 
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Figure 16. XPS spectra of DFMs. (a) Pt 4d5/2 region of Pt/Al2O3, Pt-Na/Al2O3, and Pt-

Mg/Al2O3, (b) Na 1s region of Pt-Na/Al2O3 and (c) Mg 2p region of Pt-Mg/Al2O3. All the spectra 

were obtained after H2 treatment without exposure to air. 

 

 
Figure 17. XRD patterns of Pt-Na supported on different oxides after calcination, reduction, 

and CO2 capture. 

 

 
Figure 18. FTIR spectra of CO adsorption for Pt-Na/Al2O3, Pt-Na/MgO, Pt-Na/SiO2, and Pt-

Na/TiO2. Prior to CO adsorption, the catalyst was treated with H2, and subsequently CO was 

introduced at –100 °C without exposure to air. 
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2.3.4 In situ IR study using Pt catalysts during CCR operation 

To elucidate the high selectivity of Pt-Na/Al2O3, in situ FTIR measurements were carried out during 

CCR (Figure 19). Prior to the experiment, self-supported disks were treated with H2 at 350 °C, and 

background spectra were obtained under N2 flow without exposure to air. For Pt/Al2O3, two peaks 

appeared at 1587 and 1341 cm-1 during CO2 absorption, which were assigned to absorbed CO2, possibly 

monodentate CO3
2-.56,57 After the flow gas was altered from 1% CO2/10% O2/N2 to 5% H2/N2 (t = 0 min), 

the two peaks decreased in intensity and a new peak derived from on-top CO on metallic Pt was observed 

at 2048 cm-1; this peak remained to be observed for 30 min (Figure 19a). When Pt-Na/Al2O3 was used 

instead of Pt/Al2O3, much higher peaks derived from CO3
2- were observed during CO2 capture, confirming 

that CO2 absorption ability was enhanced (Figure 19b). Notably, during successive reduction, a very small 

band assignable to on-top CO was observed at 1 and 10 min, then no adsorbed CO species were observed 

at 30 min whilst the peak intensities for adsorbed CO3
2- continuously decreased (Figure 19c). In the case 

of Pt-Mg/Al2O3, the band derived from on-top CO on Pt sites was clearly observed in the range of 2060–

2030 cm-1 during successive reduction (Figure 19d). The results of the in situ FTIR indicated that the 

adsorption of the formed CO was suppressed over Na-modified Pt NPs. The suppression of CO adsorption 

over Na-promoted metal NPs has previously been reported in several papers.50,58 

 

Figure 19. In situ FTIR measurements during CCR for (a) Pt/Al2O3, (b and c) Pt-Na/Al2O3, and (d) 

Pt-Mg/Al2O3. The background spectra were taken before CO2 capture. After CO2 capture for 5 min under 

CO2/O2 flow (100 mL/min of 1% CO2/10% O2/N2), the flow gas was changed to H2 (100 mL/min of 5% 

H2/N2). The time (t) denotes the period of reduction with H2. 

 

Based on all the results and discussions, the high efficiency of Pt-Na/Al2O3 are interpreted as 

follows. The impregnation of Pt species on Na/Al2O3 and calcination induced the formation of small Pt-Na 

ternary oxides. Following H2 treatment, the Pt species were reduced to form Na-modified Pt NPs. The Na 

species on the Pt NPs served as CO2 capture sites adjacent to the Pt NPs, where absorbed CO2 species 

were efficiently reduced by H2. In addition, the adsorption of generated CO was effectively inhibited 

because the surface of Pt NPs was modified by Na species, suppressing the successive reduction of CO 

to CH4, which is regarded as a key step for CH4 formation by CO2 hydrogenation.59–61 To discuss the 

impact of surface structures on catalytic performance, a series of Pt-Na/Al2O3 catalysts with different Pt 
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and Na loadings were prepared (Pt(X)-Na(Y)/Al2O3, where X and Y denoted the loading amounts of Pt and 

Na2O, respectively). These were then compared in the CCR reaction and FTIR measurements with CO 

adsorption at -100 °C (Figure 20); note that Pt(1)-Na(3)/Al2O3 corresponded to the Pt-Na/Al2O3 as studied 

above. With an increase in Pt loading from 1 wt% to 3 and 10 wt% (Pt(3)-Na(3) and Pt(10)-Na(3)/Al2O3), 

the SelCO decreased from 93% to 30% and 17%, respectively, and the CCOmax dropped from 1559 ppm 

to 142 and 39 ppm, respectively. When Pt(1)-Na(1)/Al2O3 with lower Na loading was used, SelCO and 

CCOmax were moderate to low (59% and 264 ppm, respectively). In the CO adsorption experiments, the 

linearly adsorbed CO molecules on the terrace of Pt sites were observed at approximately 2080–2100 cm-

1 for Pt(3)-Na(3), Pt(10)-Na(3), and Pt(1)-Na(1)/Al2O3 (Figure 20). This is in sharp contrast to the FTIR 

spectrum for Pt(1)-Na(3)/Al2O3 as discussed above (Figure 4). In situ FTIR measurements during the 

reduction of captured CO2 with H2 for Pt(1)-Na(1)/Al2O3, Pt(3)-Na(9)/Al2O3, and Pt(10)-Na(3)/Al2O3 (Figure 

21) showed that the adsorbed CO species were clearly observed in the range of 1950-2060 cm-1, which is 

also quite different from the result of Pt(1)-Na(3)/Al2O3. The high selectivity for CO formation over Pt(1)-

Na(3)/Al2O3 is ascribed to the effective modification of terrace Pt sites with Na species. 

 

Figure 20. TPD profiles of Na-modified Pt NPs supported on different supports. Conditions: 100 

mg sample, 350 °C pretreated by N2 for 30 min, flow 1%CO2/N2 at room temperature for 30 min, increase 

temperature to 600 °C in 1 h under a N2 flow. 
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Figure 21. TPSR profiles of Na-modified Pt NPs supported on different supports. Conditions: 100 

mg sample, 350 °C pretreated by H2 for 30 min, following with cool down to room temperature and capture 

1% CO2/10% O2/N2 (100 mL min-1), and then increase temperature to 600 °C with 5% H2/N2 (100 mL min-

1) in 1 h under a N2 flow. 
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2.3.5 Long term continuous CCR operation 

 Finally, a continuous CCR operation was demonstrated using the optimized Pt-

Na/Al2O3 (Pt(1)-Na(3)/Al2O3). Two reactors containing the same amount of Pt-Na/Al2O3 were 

set in parallel, where one reactor (reactor A or B) captured CO2 from the mixture with O2 while 

the other (reactor B or A) reduced the captured CO2 (Figure 22a). By switching the two valves 

on the top and bottom of the reactors at the same interval time, the continuous CCR operation 

was carried out. As such, two effluent gases containing uncaptured CO2 (effluent 1) and 

generated CO/CH4 (effluent 2) were continuously collected, as per the monitoring by FTIR 

spectroscopy with gas cells. The protocol and reactor system for continuous operation were 

previously proposed by Urakawa et al.29, as mentioned in the Introduction. The following two 

gases were switched on every 30 s: CO2 capture (0.5% CO2/10% O2/N2, 100 mL/min) and 

reduction (H2, 100 mL/min). For comparison, the CCR operation using one reactor was first 

tested. A 0.3 g of Pt-Na/Al2O3 was put in the reactor A while reactor B contains only sea sand. 

As shown in Figure 22b, the concentration of uncaptured CO2 was ranged from 800 ppm to 

3500 ppm (effluent 1). The highest concentration of formed CO and CH4 were 3500 ppm and 

120 ppm, respectively (effluent 2). At the same time, the concentration of desorbed CO2 was 

ranged from 250 ppm to 1100 ppm. Figure 22c shows the results of continuous CCR 

operation using two reactors containing the same amount of Pt-Na/Al2O3 under the same 

conditions. In contrast to the case of CCR using one reactor, the concentration of uncaptured 

CO2 remained about 540 ppm (effluent 1). In the context of the formation of CO and CH4 

(effluent 2), the concentration of CO ranged from 2500 to 4200 ppm, while the concentration 

of CH4 remained below 200 ppm. The desorbed CO2 was continuously detected in the range 

of 500 to 1200 ppm. The conversion of H2 ranged from 20% to 30%. Notably, the continuous 

CCR operation was carried out for at least 100 h (corresponding to 6000 cycles), without a 

significant decrease in CO2 capture ability and the productivity of CO (Figure d). The CCR 

operation using two reactors and switching the reactant/effluent gases in same interval time 

allows continuous CO2 capture and CO production, contributing to both emission reduction 

and the utilization of diluted CO2. The effect of steam on continuous CCR operation over Pt-

Na/Al2O3 was also investigated. For this purpose, 3% or 20% water vapor was co-fed using 

a water bubbler in a heater (25 or 60 °C, corresponding to 3 and 20% water vapor). Although 

the decrease of CO2 absorption ability was relatively small, the concentration of generated 

CO significantly decreased from 2500-4500 ppm to 1800-2000 and 1000-1500 ppm by co-

feeding of 3% and 20% water vapor, respectively, with maintaining high CO selectivity. 

Besides, the concentration of desorbed CO2 increased with the increase in water vapor 
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concentration. Although the high CO selectivity was maintained, the CO productivity 

decreased in the presence of steam, indicating the necessity of removal of water in the real-

world application (e.g. exhaust gases from natural gas plant). 

 

 

Figure 22. (a) Protocol and reactor system of continuous CCR operation. (b and c) Effluent gas composition 

for continuous CCR operation (b) using one reactor (reactor A: Pt-Na/Al2O3, reactor B: Without DFMs), 

and (c) using two reactors (reactor A and B: Pt-Na/Al2O3) Conditions: 0.3 g of Pt-Na/Al2O3 for each reactor, 

350 °C, 100 mL/min of 0.5% CO2/10% O2/N2 for 30 s, switched to 100 mL/min of H2 for the other 30 s. (d) 

Long-term CCR operation using double reactors for 100 h (6000 cycles). 
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2.3.6 CCR performance of Cs-based DFMs 

 Several basic metal oxides were also screened at 500 C to determine the optimal 

DFMs for the continuous CCR to CO process. For the continuous CCR to CO, homemade 

reaction system was used (Figure 23a). Initially, the 1%CO2+10%O2/He mixture is fed into 

DFMs, while pure H2 were fed into the other reactor at 500 ºC. The concentration profile of 

uncaptured CO2 in effluent 1 and product (CO, CH4 and desorbed CO2) in effluent 2 over 

blank tube and Cs(16)/Al2O3 were shown Figure 23b and c, respectively. As expected, feed 

CO2 was observed (from 0.98% to 1.00 % concentration) was observed in effluent 1, while 

low concentration of CO2 (from 0.00 % to 0.02 %) remaining in the reactor and gas line was 

detected in effluent 2. In contrast to the case of blank test, the uncaptured CO2 concentration 

in effluent 1 remaining range from 0.00 to 0.02 %. In the context of the product in effluent 2, 

the concentration of CO ranged from 0.80 to 1.20 %, whereas the concentration of CH4 was 

below detectable limitation. Figure 23d summarizes the continuous CCR performance of the 

various DFMs. Al2O3 and Cs2CO3 exhibited low CO yield. While Cs(16)/Al2O3 exhibited high 

CO yield (86 %). Cs(16)/Al2O3 was compared with Pt and Na co-loaded DFM (Pt-Na/Al2O3) 

and Ni and Rb co-loaded DFM, which have been developed our group as one of the most 

effective transition-metal DFMs for CCR to CO. Pt-Na/Al2O3 shows lower CO yield (60 %) at 

350 ºC, which is reported condition temperature, and further lower CO yield (50 %) at 500 ºC. 

Rb-Ni/Al2O3 also shows lower CO yield. Furthermore, these transition metal loaded DFMs 

produce large amounts of CH4 and show lower CO selectivity at 500 ºC (Pt-Na/Al2O3 = 50 % 

and Rb-Ni/Al2O3 = 40 %, respectively), compared with Cs(16)/Al2O3 (99 %).  

Next, we compared the CCR performance of the M/Al2O3 (M represents alkali, alkaline earth, 

and rare earth such as Cs, Rb, K, Na, Ba and La. These components exhibit strong basicity.) 

samples containing almost equimolar (1.17 mmol/g) loadings (Figure 1e). Mulliken electron 

negativity (EN) was used for the X-axis in Figure 23e as an indicator of the strength of basicity. 

When the Mulliken EN was increased from 2.18 (Cs(16)/Al2O3) to 3.06 (La(16)/Al2O3), the 

CO yield monotonically decreased. These results imply that strong base loading was effective 

for continuous CCR. We then compared the continuous CCR performances of the Cs/Al2O3 

samples containing different Cs loading. The CO yield slightly increased with increasing Cs 

loading up to 8 wt% (from 0 (Al2O3) to 10 % (Cs(8)/Al2O3)), and drastically increased with 

further increasing Cs loading to 12 and 16 wt% (82%, both).  

Using the optimal DFM, Cs(16)/Al2O3, the continuous CCR performance was evaluated at 

different temperatures (data not shown). Increase in the temperature from 300 to 600 C 



 

48 

resulted in monotonic increase in the CO2 capture efficiency (from 71 to 100%), while CO 

yield was little increased between 300 and 400 C (3 and 4 %, respectively), but sharply 

increased upon heating to 500 C (81 %). Under a suitable temperature at 500 C with the 

best DFM, Cs(16)/Al2O3, switching time of upper and bottom valves was optimized for the 

continuous CCR experiments (data not shown). Middle switching time (every 30 sec) gives 

the highest CO2 capture efficiency and CO yield simply because with a shorter switching time 

such as every 10 sec, the reduction time is insufficient, in contrast with a longer switch time 

(over 60 sec), it exceeds the CO2 capacity of Cs(16)/Al2O3. 

We also performed stepwise CCR (traditional CCR) reaction tests at 500 ºC (data not shown). 

The dependence on the loaded alkali metal, (alkaline earth metal or, rare earth metal) oxide 

and the Cs loading amount showed similar trends to the continuous CCR reaction test, with 

the highest CO2 capture amount, CO selectivity, amount of CO production, and max CO 

production rate. To determine the turnover frequency (TOFM), the transient rates per unit 

weight of the DFM were divided by the number of alkali metal, (alkaline earth metal or, rare 

earth metal) atom per unit weight of the DFM (Figure 24). As plotted in Figure 24a when the 

Mulliken EN was increased, the TOFM monotonically decreased from 9.2 (Cs(16/Al2O3)) to 

0.8 h-1 (La(16)/Al2O3). These results possibly implied that alkali metals were active sites for 

the CCR. Figure 24b plots the TOFM as a function of the Cs loading. These results showed 

that the TOFM was increased with increasing Cs loading from 3 to 12 wt%. This suggests that 

the nature of active sites was similar ranged from 3 to 16 wt% Cs loading but different from 

that of Cs(37)/Al2O3. 
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Figure 23. (a) Outline of the protocol and the two-reactor system for the continuous CCR to CO. Examples 
showing effluent concentration profiles for (b) blank and (c) Cs(16)/Al2O3. (d) CO2 capture efficiency, 

product (CO, CH4 and desorbed CO2) yield in the CCR to CO. Conditions: 500 C, 100 mL min-1 flow rate, 
1%CO2+10%O2/He for another 30 sec. Variation in CO yield based on inlet CO2 with respect to (e) loaded 
species of alkali, alkaline earth and rare earth, and (f) Cs loading. 

 

 

Figure 24. Variation in TOF per amount of alkali metal respect to (a) Mulliken’s electron negativity, and (b) 
Cs loading. 
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2.4 Conclusions 

In summary, this study successfully developed Pt-Na/Al2O3 as an effective DFM for 

selective CO formation through CCR at a mild reaction temperature (350 °C). Among the 

basic promoters tested, Na was the best for CO formation, while Mg resulted in the lowest 

CO selectivity. Notably, the optimized Pt-Na/Al2O3 was applicable to continuous CCR 

operation, where CO2 capture capacity and CO productivity were maintained for at least 100 

h. We also conducted a comprehensive characterization of Pt, Pt-Na, and Pt-Mg/Al2O3 using 

microscopic (STEM, EDX) and spectroscopic (XRD, XAS, XPS, FTIR) techniques. The Na-

modified Pt NPs were formed in Pt-Na/Al2O3, while the Mg species remained in a highly 

dispersed state on Al2O3 in Pt-Mg/Al2O3. The electronic states of the Pt NPs were slightly 

affected by basic promoters regardless of whether or not modified structures had formed. We 

also conducted in situ FTIR measurements during CCR, where the adsorbed CO species 

were hardly observed over Pt-Na/Al2O3. The Na species on Pt NPs not only served as CO2 

absorption sites but also suppressed the adsorption of generated CO, leading to high 

selectivity for CO. These results reveal the effect of basic promoters on the surface structures 

of metal NPs and product selectivity, demonstrating the importance of the choice and loading 

of basic promoters during the development of DFMs for CO2 capture and reduction. 

Unfortunately, the CO productivity of present DFM system decreased in the presence of 

steam although the high CO selectivity retained. Therefore, now we are devoting further 

optimization of Pt-Na/Al2O3 DFMs and CCR operation conditions to adapt real-world 

applications, such as higher CO2 concentration conditions and/or in the presence of steam. 
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Chapter 3 

CO2 capture and hydrogenation to CH4 over Ni-based DFMs 
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3.1 Introduction 

 The emission of CO2 into the atmosphere owing to human activities is recognized as 

a major contributor to global warming [1–5]. The Paris Agreement established a goal to limit 

the increase in global average temperature to 2.0 °C by the year 2100. Achieving this target 

requires a significant reduction in CO2 emissions from energy- and industry-related sources 

[6–9]. Carbon capture and utilization (CCU) [10–21], including carbon capture and reduction 

(CCR) using H2 or hydrocarbons [22–39], have been proposed to achieve this target. The 

concept of the CCR reaction involves CO2 capture and subsequent reduction combined in 

one process, utilizing an unsteady-state operation. In 2016, Urakawa et al. and Farrauto et 

al. separately published their works on CCR [24,25]. Alkali and alkaline earth metal 

components and transition metal co-loaded catalysts (dual functional materials: DFMs) are 

widely used for CCR operations owing to their high capacity for CO2 uptake and ability to 

form metal carbonates. Transition metals, including DFMs, promote carbonate hydrogenation.  

Among various CCU strategies, CO2 capture and methanation using DFMs have 

proven to be effective for synthesizing carbon-neutral CH4. Among the alkali and alkaline 

earth components, calcium oxide is well known to have a good CO2 capacity and is one of 

the most suitable alkaline components for CO2 capture and methanation. Farrauto et al. first 

proposed Ru-CaO/Al2O3 as an efficient DFM for assisting the CCR to CH4 [25]. Yang et al. 

reported that the utilization of Ni/CaO-Al2O3 led to increased CO2 conversion and greater 

selectivity for CH4 compared to using Ni/Al2O3. This improvement was attributed to the 

coating of the CaO-Al2O3 surface by species derived from CO2 [33]. Alipour et al. reported 

that CaO loading significantly enhanced the capacity for CO2 uptake of DFMs.[34] Bermejo-

Lopez et al.[35] and Sun et al.[37] studied Ni-Ca DFMs and evaluated the effect of Ni loading. 

Moreover, they investigated the relationship between the activity and the distance between 

the catalytic sites and sorbents. Recently, our research group developed Al2O3-supported Ni-

Ca materials as effective DFMs for CCR to yield CH4 [38,39]. We found that the Ca-Al mixed 

oxide phase derived from the mayenite (Ca12Al14O33) structure enhanced the CO2 capture 

ability of the DFM [38]. In the second study, we optimized the Ca loading in Ni-Ca/Al2O3 for 

the CCR to CH4 at low temperatures. and demonstrated the conversion of CO2 captured from 

air to CH4 using a system combined with membrane-based direct air capture[39]. Although 

there have been many attempts to improve CCR performance, the detailed reaction 

mechanism over Ni-Ca DFMs is still not clear. 

 In this study, the mechanism of the CCR to CH4 was investigated using Al2O3-

supported Ni-Ca DFMs. Initial screening tests for Ca and Ni loading revealed that Ni(10)-
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Ca(28)/Al2O3 (Ni=10 wt% and Ca=28 wt%) was the most effective material for CCR. Various 

structural analyses, including X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS), 

scanning transmission electron microscopy (STEM), and energy-dispersive X-ray (EDX) 

spectroscopy, were used in our investigation. The resulting structure-property relationships 

revealed that the Ni nanoparticles and bulk CaO on Al2O3 were responsible for the 

methanation and capture of CO2. Finally, the Ni oxidation state and formation/decomposition 

of Ca carbonate were studied using in situ XAS/XRD with online gas composition analysis 

(operando XAS/XRD). 
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3.2 Experimental section 

3.2.1 Catalyst preparation 
 The Ni-Ca/Al2O3 catalysts were synthesized using a wetness impregnation method. 

An appropriate amount of aqueous Ca-(NO3)2 ·H2O (AR 98.5%, FUJIFILM WAKO Pure 

Chemical Corporation) was mixed with commercial γ-Al2O3 for impregnation (Ca loading: 8, 

14, 20, 28, and 32 wt%) and stirred for 1 h. Subsequently, the mixture was evaporated to 

dryness at 50°C using a vacuum pump and finally dried overnight at 100°C in air. The 

obtained powder was calcined at 500°C for 2 h to yield CaO-loaded/Al2O3, denoted as 

Ca/Al2O3. Then, a precursor of Ni-Ca/Al2O3 (Ni loading: 10 wt%) was prepared by stirring a 

mixture of Ca/Al2O3 with an aqueous 

solution of Ni(NO3)2 ·6H2O (AR >99%, FUJIFILM WAKO Pure Chemical Corporation) at room 

temperature for 1 h, evaporated to dryness at 50°C, and dried overnight at 100°C in air. Ni-

Ca/Al2O3 catalysts with different Ca loadings were prepared using a similar method and 

denoted as Ni(x)-Ca(y)/Al2O3 (where x and y are the contents of Ni and Ca loadings, 

respectively). 

  

3.2.2 Characterization 
Powder XRD measurements were conducted using a Rigaku MiniFlex II/AP 

diffractometer with Cu Kα radiation. High-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) images were recorded on an FEI Titan G2 microscope 

equipped with an EDX analyzer. X-ray photoelectron spectroscopy (XPS) profiles were 

measured on a JEOL JPC-9010MC spectrometer in a modified ultrahigh vacuum (UHV) 

chamber using Mg Ka radiation. All XPS profiles were corrected for charging effects by 

aligning them with the O 1s peak at 532.0 eV and subsequently analyzed after linear 

background subtraction. Curve-fitting analysis 

was performed using Fityk software version 1.3.1, and the Gaussian function was used for 

curve fitting. For XPS measurements, catalysts were treated with pure H2, 2.5% CO2/He, or 

2.5% CO2/10% O2/He at 500ºC and then transferred to a chamber without exposure to air 

using a transfer vessel. Charge correlation was determined using the O 1s peak at 532.0 eV. 

Ni K-edge X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine 

structure (EXAFS) measurements were performed on a medium-length hard X-ray bending 

magnet (BL01B1) beamline at SPring-8 (Harima, 

Japan) using a Si (111) double-crystal monochromator (Proposal No. 2023A0713). Ni K-edge 

XANES and EXAFS studies were performed in a transmission mode. Sample pellets 
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(Φ=diameter of the pellet, Φ=10 mm) were treated with pure H2 or 2.5% CO2+10%O2/He at 

500 ºC and then transferred to a glove box without exposure to air. The treated pellets were 

then packed into gasbarrier bags and measured using a beamline. It is noteworthy that Ni K-

edge EXAFS spectra were obtained, normalized to units of A-1, and subsequently Fourier 

transformed over the range of 3.0–12.0 A-1. The XANES and EXAFS spectra were analyzed 

using Athena software ver. 0.9.25, which is included in the Demeter package [44]. 

 

3.2.3 In situ/operando spectroscopic experiments 
In situ XRD measurements were conducted using a Cu Ka radiation source (Rigaku 

Ultima IV, Rigaku Corporation, Japan). The total flow rate of the gas mixture was 50 mL/min. 

The sample (100 mg) was pretreated with 5% H2/N2 at 500 ºC for 30 min, and for purging, 

the gas was switched to He. Subsequently, a mixture of 10% CO2/He was fed into the system 

at 500 ºC for 30 min until sufficient CaCO3 was formed, He was purged for 20 min, and the 

flow gas was switched to 5% H2/N2 for 40 min. 

For the in situ and operando XANES measurements, a sample pellet prepared using 30 mg of 

the catalyst (Φ=10 mm) was introduced into a quartz cell. This cell was equipped with Kapton film 

windows and gas lines connected to a high-sampling-rate thermal conductivity detector gas 

chromatograph (TCD GC, 490 Micro GC; Agilent Technologies Inc.). The total flow rate of the gas 

mixture was set to 100 mL/min. The sample pellet was heated to 500°C in He, and the gas was 

switched to 10% H2/He for pretreatment for 30 min. A reaction gas containing CO2 (2.5% CO2/He) 

was allowed to flow for 5 min. Subsequently, a reaction gas containing H2 (10% H2/He) was introduced 

and allowed to flow for 30 min. Then, the reaction gas was changed to 2.5% CO2+10% O2/He for 6 

min. Finally, the flow gas changed again to 10% H2/He for 21 min. For the linear combination fitting 

(LCF) analysis, Ni foil and NiO were used as reference compounds for Ni0 and Ni2+, respectively. 

 

3.2.4 CCR operation 
The CCR was performed in a vertical quartz fixed-bed flow reactor. A catalyst (300 mg) 

was placed on quartz wool in the middle of the reactor, which was set in an electric tube 

furnace and heated to 500 ºC under a N2 flow (100 mL/min). Then, the catalyst was reduced 

under H2 (100 mL/min) for 30 min at 500 ºC. A reaction gas containing 2.5% CO2+10% O2/N2 

was fed into the reactor at a flow rate of 100 mL/min for 5 min to capture CO2, and then the 

feeding gas was switched to H2 (100 mL/min) for 15 min to reduce the adsorbed CO2. The 

composition (CO, CH4, and CO2) of the effluent gas was quantitatively analyzed using an 

FTIR spectrometer (JASCO FT/IR-4600) combined with a gas cell. Calculation of CO2 

adsorption capacity (CO2 ad.), the amount of produced CH4 or CO (CH4 or CO production), 
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the selectivity for CH4 (Sel.CH4) and the yield of CH4 based on the amount of adsorbed CO2 

(CH4 yield) are described as follows: 

 

where FCO2
in

 and FCO2
out

 are the CO2 molar flow rates at the column inlet and outlet, respectively, 

FCO
out

 and FCH4
out

 are the CO and CH4 molar flow rates at the column outlet, respectively, m is the catalyst 

mass, ta is the duration of the adsorption stage, and tH is the duration of the H2 reduction process. 
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3.3 Results and discussion 
3.3.1 Catalytic Performance 
 In a typical CCR experiment conducted in this study, a DFM was evaluated for CO2 

capture from a flow of model combustion exhaust (2.5% CO2/10% O2/N2) for 5 min, followed 

by the reduction of the captured CO2 with H2 for 15 min under isothermal conditions (500 ºC). 

Figure 1 shows the typical results of CCR experiments for Ni(10)/Al2O3, Ni(10)-Ca(28)/Al2O3, 

and Ni(10)/CaO. Table 1 summarizes the CCR performance of the various DFMs. Ni(10)-

Ca(28)/Al2O3 and Ni(10)/CaO captured CO2 for longer periods than Ni(10)/Al2O3. The initial 

H2O formation under CO+O2 for Ni(10)-Ca(28)/Al2O3 and Ni(10)/CaO can be due to the 

desorption of adsorbed H2O generated during H2 pretreatment. Under a subsequent flow of 

H2, CH4 and H2O were produced in the cases of Ni(10)-Ca(28)/Al2O3 and Ni(10)/CaO, 

respectively, whereas CH4 formation was negligible in the case of Ni(10)/Al2O3. These results 

clearly demonstrate that Ca is indispensable for CO2 capture and CH4 formation in the CCR. 

 
Figure 1. Effluent gas concentration profiles during CO2 capture (2.5% CO2+10% O2/N2) and reduction 
(pure H2) over Ni(10)/Al2O3, Ni(10)-Ca(28)/Al2O3, and Ni(10)/CaO. 

Table 1. Summary of CCR performances over Ni based DFMs.[a] 

Catalyst CO2 ad. [μmol g-1][b] CH4 [μmol/g][b] Sel.CH4 [%][c] CH4 yield [c] [%] 

Ni(10)/Al2O3 123 8 86 9 

Ni(10)/CaO 870 379 98 45 

Ni(10)-Ca(28)/Al2O3 687 557 99 81 

Ni(10)-Ca(8)/Al2O3 326 161 98 51 

Ni(10)-Ca(14)/Al2O3 465 289 98 63 
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Ni(10)-Ca(32)/Al2O3 800 449 99 57 

Ni(30)-Ca(28)/Al2O3 610 385 97 65 

Ni(50)-Ca(28)/Al2O3 508 421 97 85 

[a] Reaction conditions: 300 mg of DFMs, 500 ºC, 2.5% CO2+10% O2/N2 for 5 min, followed 

by pure H2 for 15 min. [b] The composition of the outlet gas was quantitatively analyzed using 

FTIR spectroscopy combined with a gas cell. [c] Based on the amounts of CH4 and CO 

produced during the reduction period. [d] Amounts of produced CH4 per unit of adsorbed CO2. 

 

Next, we compared the CCR performance of the Ni(10)-Ca/Al2O3 samples containing 

different Ca loadings (0–64 wt%) at 500 ºC (Figure 2a). The Ca loading in Ni(10)/CaO was 

64 wt%. The amount of adsorbed CO2 increased monotonically increasing Ca loading up to 

32 wt% and leveled off at higher Ca loadings. The amount of CH4 formed under H2 increased 

with Ca loading up to 32 wt% and then decreased with a further increase in Ca loading. The 

yield of CH4 based on the amount of adsorbed CO2 also exhibited the same trend. 

Consequently, a Ca loading of 28 wt% was determined to be optimal for Ni(10)-Ca/Al2O3. We 

then compared the CCR performances of the Ni-Ca(28)/Al2O3 samples containing different 

Ni loadings (Figure 2b). When the amount of Ni loading was increased from 10 to 50 wt%, 

the amounts of CO2 adsorbed and CH4 formed decreased slightly from 687 to 508 mmol g-1 

and 557 to 421 mmol g-1, respectively. The yield of CH4 based on the amount of adsorbed 

CO2 varied within a narrow range of 85 to 65%, depending on the Ni loading. These results 

imply that the effect of Ni loading on CCR performance was not significant. Using the optimal 

DFM material, Ni(10)-Ca(28)/Al2O3, the CCR performance was evaluated at different 

temperatures (Figure2c). Increase in the temperature from 300 to 500 ºC resulted in 

monotonic increase in the CO2 adsorption, CH4 formation, and the CH4 yield based on the 

amount of adsorbed CO2 (37 to 81%). Under the best conditions at 500 ºC with the best DFM, 

Ni(10)-Ca(28)/Al2O3, the amount of CO2 captured was 687 mmol g-1 and the CH4 yield based 

on the adsorbed CO2 was 81%. The captured CO2 was selectively converted to CH4, with 

99% conversion to CH4 and only 1% conversion to CO. 
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Figure 2. Variation in CO2 adsorption (green), CH4 formation (red), and CH4 yields based on adsorbed 
CO2 (blue) with respect to (a) Ca loading, (b) Ni loading, and (c) reaction temperature, over Ni-Ca/Al2O3 at 
500 ºC (except for (c)). 
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3.3.2 Characterization of Ni(10)-Ca(28)/Al2O3 
 Detailed characterization experiments were conducted on the optimum DFM, Ni(10)-

Ca(28)/Al2O3. Ni nanoparticles with an average diameter of 5.4 nm were observed using 

STEM and EDX (Figure 3). The EDX line scan profile shows a Ca-rich zone corresponding 

to aggregated Ca species in the particle of Ni(10)-Ca(28)/Al2O3. 

 Figure 4 shows XRD profiles of Ni(10)/CaO, Ni(10)-Ca(28)/Al2O3, Ni(10)/Al2O3, CaCO3, 

and CaO. The XRD patterns of Ni(10)/CaO and Ni(10)􀀀 Ca(28)/Al2O3 after H2 treatment 

exhibited peaks assignable to CaO (32.4º, 37.6º, and 54.1º).[40] No peak corresponding to 

CaCO3 (29.5º) was observed. Combined with the results of the EDX line scan, it was 

observed that CaO particles were the dominant Ca species on H2-reduced Ni(10)-

Ca(28)/Al2O3. The CaO crystallite sizes of Ni(10)-Ca(28)/Al2O3 and Ni(10)/CaO were 

evaluated using the full width at half maximum (FWHM) of the peak at 37.6º owing to 

CaO(111). The FWHM of the Ni(10)/CaO peak was narrower than that of the Ni(10)-

Ca(28)/Al2O3. The CaO crystallite sizes (15.5 nm) for Ni(10)- Ca(28)/Al2O3, based on the 

Scherrer equation, were smaller than that for Ni(10)/CaO (31.7 nm). 

 
Figure 3. STEM and EDX mappings of Ni(10)-Ca(28)/Al2O3 after H2 treatment for 30 min at 500 ºC. 
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Figure 4. XRD patterns for (a) Ni(10)/CaO, (b) Ni(10)-Ca(28)/Al2O3, (c) Ni(10)/Al2O3, CaCO3, and CaO. 
The Ni-loaded DFMs were pre-reduced by H2 for 30 min at 500 ºC. 

 

 The oxidation states of the Ni species in the DFMs were investigated using Ni K-edge 

XANES (Figure 5a). The XANES spectrum of Ni(10)-Ca(28)/Al2O3 after the CO2+O2 

treatment at 500 ºC was nearly identical to that of NiO (reference compound), indicating that 

the Ni species on this DFM were present as NiO. The XANES spectra of Ni(10)/CaO and 

Ni(10)/Al2O3 after the CO2 +O2 treatment (Figure. 6) were also identical to those of NiO, 

suggesting that NiO was the major Ni species in these samples. After the H2-reduction, the 

intensities of the white line peak associated with NiO in these three samples fell within the 

range between those of Ni foil and NiO. This suggests the co-presence of Ni metal and NiO 

in the reduced samples. The white-line intensities changed in the following order: 

Ni(10)/Al2O3>Ni(10)- Ca(28)/Al2O3>Ni(10)/CaO. This suggests that the NiO/Ni ratio in the H2-

reduced DFMs changed in the same order. 

 Figure 5b shows the Fourier transforms of the Ni K-edge EXAFS for the DFMs after 

CO2+O2 and H2 treatments. The R space plots are not phase-corrected, and thus, they do 

not represent the true bond distances. Table 2 lists the corresponding curve-fitting results. 

The peaks around 1.6 and 2.7 Å correspond to the Ni-O bond and the Ni-O-Ni bond of NiO, 

respectively. The peak around 2.2 Å corresponds to the Ni-Ni bond of Ni metal. All the spectra 

of CO2+O2-treated DFMs exhibited two characteristic peaks corresponding to NiO. On the 

other hand, the H2-treated DFMs exhibited a peak at 2.2 Å corresponding to metallic Ni. The 

curve-fitting analysis (Table 2) revealed the coordination number (CN) and bond distance (R). 

The Ni(10)-Ca(28)/Al2O3 sample, subjected to H2 treatment, exhibited reduced CNs for the 

Ni-O and Ni-O-Ni bonds compared to the sample treated with CO2/O2. Additionally, it 
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exhibited the presence of metallic Ni-Ni bonds, with a coordination number of 4.5 at a distance 

of 2.50 Å. The H2-treated Ni(10)/CaO exhibited only a metallic Ni-Ni bond (CN of 8.0 at 2.47 

Å). Among the H2-treated samples, the CN of the Ni-O shell bond increased in the following 

order: Ni(10)/CaO (0)<Ni(10)-Ca(28)/Al2O3 (1.0)<Ni(10)/Al2O3 (4.6), suggesting that the 

relative amount of NiO after the H2 treatment increases in the same order. This trend is 

consistent with the XANES results and implies that the reducibility of NiO increases with 

increasing Ca loading. 

 

 
Figure 5. Ni K-edge (a) XANES and (b) EXAFS FTs of Ni(10)/Al2O3, Ni(10)-Ca(28)/Al2O3, and Ni(10)/CaO 
after H2 reduction (30 min) and 2.5% CO2/10% O2/He treatment (5 min) at 500 ºC. The spectra of the 
pretreated samples were obtained at room temperature without exposure to air. 
 

 
Figure 6. Ni K-edge XANES of Ni(10)/Al2O3 and Ni(10)/CaO after H2-reduction (30 min) and after 2.5% 
CO2/10% O2/He treatment (5 min) at 500 ºC. The spectra of the pretreated samples were obtained at room 
temperature without exposure to air. 
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Table 2. Curve-fitting analysis of Ni K-edge EXAFS of Ni DFMs. 

Sample Pretreatment Shell CN[a] R [Å][b] σ [Å][c] Rf [%][d] 

Ni(10)/CaO H2 Ni-Ni 8.0 2.47 0.067 0.7 

CO2+O2 Ni-O 7.5 2.13 0.089 0.5 

Ni-O-Ni 10.5 2.94 0.074 

Ni(10)-Ca(28)/Al2O3 H2 Ni-O 1.0 2.10 0.060 4.7 

Ni-Ni 4.5 2.50 0.075 

Ni-O 3.1 2.95 0.090 

CO2+O2 Ni-O 8.0 2.10 0.106 0.5 

Ni-O-Ni 9.9 2.94 0.074 

Ni(10)/Al2O3 H2 Ni-O 4.6 2.00 0.095 0.01 

Ni-Ni 4.8 2.46 0.088 

CO2+O2 Ni-O 7.3 2.04 0.093 0.5 

Ni-O-Ni 5.7 2.95 0.108 

NiO[e] 

 

Ni-O 6 2.02  

Ni-O-Ni 12 2.94 

Ni foil[e] Ni-Ni 12 2.49 

[a] Coordination numbers. [b] Bond distance. [c] Debye-Waller factor. [d] Residual factor. [e] 

Crystallographic data of Ni oxide and Ni metal. 
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3.3.3 Redox of Ni species during CCR over Ni(10)-Ca(28)/Al2O3 
 The catalytic test of Ni(10)-Ca(28)/Al2O3 for the unsteady-state methanation under 

periodic 2.5% CO2↔H2 feeds was conducted at 500 ºC on a fixed-bed flow reactor. Figure 7 

shows the time course of the concentration profiles of the outlet gases (CO2, H2, CH4, CO, 

and H2O). Unlike the conditions shown in Figure 1, the periodic reaction test shown in Figure 

7 was conducted without O2 during the CO2 capture phase to discuss the CCR mechanism, 

excluding Ni oxidation by O2. After pretreatment under H2, the exposure of Ni(10)-

Ca(28)/Al2O3 to CO2 resulted in CO2 capture. The H2O peak can be due to desorption of 

adsorbed H2O generated during the H2 pretreatment. Subsequent exposure to H2 resulted in 

the formation of CH4, followed by H2O formation. The CO formation was negligibly small. The 

delayed H2O formation could be due to larger interaction of H2O with the polar catalyst surface 

than non-polar CH4. 

The amount of CH4 formed was 520 mmol g-1, and the selectivity of CH4 was 95%. These 

values were similar to those under O2-cofeeding conditions (Table 1). 

 
Figure 7. Effluent gas concentration profiles during CO2 capture (2.5% CO2, 5 min) and subsequent H2-
reduction (pure H2, 15 min) at 500 ºC. 

 

To understand the oxidation state of the Ni nanoparticles during CO2 flow, in situ Ni K-

edge XANES measurements were performed for H2-prereduced Ni(10)- Ca(28)/Al2O3 (Figure 

8). During the CO2 flow, the white-line intensity increased slightly (Figure 8a). The time course 

of the white-line intensity at 8341.5 eV (Figure 8b) exhibited a slight oxidation of metallic Ni 

by CO2 within the first 2 min. 
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XPS experiments (Figure 9) were also performed to identify the oxidation states of the 

Ni nanoparticle surfaces. After H2 and subsequent CO2 treatments at 500 ºC, Ni(10)-

Ca(28)/Al2O3 was transferred to an XPS chamber without exposure to air. The XPS spectrum 

after CO2+O2 treatment of the Ni 2p region exhibited 2p1/2 (855.9 eV) and 2p3/2 (873.5 eV) 

peaks corresponding to Ni2+.[41–43] The broad peaks at around 863 and 881 eV are the 

satellite peaks of the Ni (Ni0 and Ni2+) species. After the H2 treatment, two additional peaks 

assignable to Ni0 (869.8 eV for 2p1/2 and 853.4 eV for 2p3/2) were observed.[43] These peaks 

are clearly separated, implying the absence of an intermediate oxidation state between Ni0 

and Ni2+. Ni0 and Ni2+ peaks were also observed for CO2-treated Ni(10)-Ca(28)/Al2O3, but the 

CO2-treated sample showed a higher intensity of the Ni2+ peak (855.9 eV) than the H2-treated 

sample. Based on the curve-fitting analysis, the fractions of Ni2+ and Ni0 species were also 

estimated (Table 3). The fraction of Ni2+ for the CO2-treated sample (55.7%) was higher than 

that in the H2-treated sample (50.9 %). In situ Ni K-edge XANES and XPS results indicate 

the partial oxidation of the surface Ni0 species by CO2. The redox phenomena could play a 

role in the unsteady-state methanation of Ni(10)-Ca(28)/Al2O3. 

 
Figure 8. (a) In situ Ni-K edge XANES spectra of H2-prereduced Ni(10)-Ca(28)/Al2O3 during CO2 capture 
under O2-free conditions (2.5% CO2, 5 min, green line) and CO2 capture with O2 co-feed (2.5% CO2/10% 
O2, 5 min, red line) at 500 ºC. (b) Kinetics of oxidation of Ni0 on Ni(10)-Ca(28)/Al2O3 during CO2 capture 
without O2 co-feed. 
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Figure 9. Ni 2p XPS spectra of Ni(10)-Ca(28)/Al2O3 after H2, CO2, and CO2+O2 treatments. Reaction 
temperature was 500 ºC. H2- and CO2- treated samples were prepared without exposure to air. 
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Table 3. Ni 2p3/2 XPS analysis of Ni(10)-Ca(28)/Al2O3. 

Treatment gas Fraction of Ni species [%][a] Ni0/Ni2+ [-][a] 

Ni2+ Ni0 

H2 50.9 49.1 0.96 

CO2 55.7 44.3 0.80 

CO2+O2 100 0 0.00 

[a] Calculated from the area of the Ni 2p3/2 peak after curve-fitting analysis. 

 

3.3.4 Formation and decomposition of CaCO3 during CCR (in situ XRD) 
 To characterize the dynamic changes in the structure of the Ca species on Ni(10)-

Ca(28)/Al2O3 during CCR, in situ XRD measurements were performed (Figure 10). Prior to 

the experiment, the sample was reduced by 5% H2/N2 at 500 ºC. Subsequently, the formation 

and consumption of CaCO3 were monitored by in situ XRD under successive feeds of 10% 

CO2/N2 and 5% H2/N2 at 500 ºC. For Ni(10)-Ca(28)/Al2O3, two peaks assignable to CaO were 

observed after the H2 pretreatment. Upon changing the gas flow to CO2/He, the intensities of 

these two XRD signals gradually decreased, and three peaks assignable to CaCO3 were 

observed. These results provide direct evidence of the reaction between CaO and CO2 to 

yield bulk CaCO3 during the CO2 storage step of the CCR operation. The peak corresponding 

to NiO at 44º also appeared under CO2. This result is consistent with the XPS (Figure 9) and 

in situ XANES (Figure 8) results, which show that part of the Ni0 species was oxidized by CO2 

to yield NiO. When the gas was switched to 5% H2/N2, the intensities of the CaCO3 peaks 

decreased, and those of the CaO peaks increased again. These results provide direct 

evidence for the reduction of bulk CaCO3 with H2 to yield CaO during the H2 reduction step 

of the CCR operation. Combined with the product gas profile in Figure 7, it can be concluded 

that the H2-reduction of bulk CaCO3 yields CaO and gas-phase products (CH4 and H2O). As 

shown in Figure 11, bulk CaCO3 formation under CO2 and consumption under H2 were also 

observed for Ni(10)/CaO. The observed similarity between Ni(10)-Ca(28)/Al2O3 and 

Ni(10)/CaO suggests that CCR with Ni-Ca based DFMs proceeds via a similar mechanism 

involving the formation and reduction of bulk carbonates. In our previous study using in situ 

FTIR also provided direct evidence of the formation and decomposition of surface carbonates 

on Ni-Ca based DFMs during CCR.[39] 
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Figure 10. (a) In situ XRD patterns of the H2-prereduced Ni(10)-Ca(28)/Al2O3 at 500 ºC. The flow gas was 
successively changed from 10% CO2/He (for 15 min) to 5% H2/N2 (for 15 min). (b) XRD intensity ratio of 
CaCO3 to CaO for Ni(10)-Ca(28)/Al2O3 and Ni(10)/CaO versus reduction time. 
 

 
Figure 10. In situ XRD patterns of H2-prereduced Ni(10)/CaO. The flow gas was successively 
changed from 10% CO2/He (15 min) to 5% H2/N2 (5 min). 

 

 As shown in Figure 2, the CaO crystallite size of Ni(10)-Ca(28)/Al2O3 (15.5 nm) is 

smaller than that of Ni(10)/CaO (31.7 nm). To discuss the effect of the CaO particle size on 

the hydrogenation kinetics, the XRD intensity ratios of CaCO3 to CaO on Ni(10)-Ca(28)/Al2O3 

and Ni(10)/CaO are plotted against the H2-reduction time in Figure 10b. The results show 

that the consumption of CaCO3 was faster over Ni(10)- Ca(28)/Al2O3 than over Ni(10)/CaO. 

This suggests that CaCO3 species on smaller CaO particles are more reactive during the 

methanation process. 

 Based on the XPS, in situ XANES, and in situ XRD results, a simple redox mechanism 

for the CCR reaction over Ni-Ca based DFMs is proposed in Figure 12. In the CO2 storage 
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step, part of the bulk CaO, probably the surface layers of the CaO particles, reacts with CO2 

to yield bulk CaCO3. In the subsequent H2-reduction step, the bulk CaCO3 is reduced by H2 

to yield CaO and gas-phase products (CH4 and H2O). Assuming that the Ni site is a H2 

dissociation site, it can be proposed that the carbonate species at the Ni-Ca interface site is 

responsible for CH4 production. Furthermore, after consuming the carbonate species at the 

Ni-Ca interface, other carbonate species could diffuse to the Ni site and be reduced to give 

CH4 and H2O. The carbonate diffusions at similar temperature conditions were previously 

reported by Muller et al.[45] 

 
Figure 12. (a) In situ XRD patterns of the H2-prereduced Ni(10)-Ca(28)/Al2O3 at 500 ºC. The flow gas was 
successively changed from 10% CO2/He (for 15 min) to 5% H2/N2 (for 15 min). (b) XRD intensity ratio of 
CaCO3 to CaO for Ni(10)-Ca(28)/Al2O3 and Ni(10)/CaO versus reduction time. 

 
3.3.4 Operando XANES study during CCR with O2 
 The mechanism of unsteady-state methanation without O2 was discussed above. In a 

practical CCR process, CO2 is captured in the presence of O2; therefore, the effects of O2 

should be studied in detail. Operando XANES measurements at 500 ºC with online gas 

analysis were performed using Ni(10)-Ca(28)/Al2O3 to investigate the oxidation state of Ni 

species during CCR in the presence of O2 (Figure 13). Figure 13 shows the time dependence 

of the generated gas and Ni0. The fraction was determined by LCF analysis of XANES spectra 

using NiO and Ni foil as Ni2+ and Ni0 references, respectively. After the initial H2 treatment, 

80% of the Ni species on Ni(10)- Ca(28)/Al2O3 was metallic Ni0. Then, the Ni0 species 

underwent rapid oxidation (within 1 min) under 2.5% CO2/10% O2/He, 93% of the Ni species 

was converted to NiO after 6 min, and gas phase H2O was simultaneously observed. In 

addition to these results (Figure 8), it was observed that Ni0 was only slightly oxidized by CO2, 
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indicating that the metallic Ni0 species were rapidly and completely oxidized by O2 to yield 

NiO and H2O. When the gas flow was changed to H2, the Ni0 fraction rapidly increased within 

1 min. Also, the highest H2O formation rate was observed at 1 min. The results suggest that 

surface NiO species are reduced by H2 to yield surface Ni0 sites and H2O. Afterward, the 

surface Ni0 sites continuously catalyze the H2-reduction of adsorbed CO2 to give CH4 and 

H2O. Gradual increase in the Ni0 fraction after 1 min suggests gradual increase in the Ni0 

species most probably inside the Ni particles. 

The CCR mechanism of the Ni-Ca based DFMs in the presence of O2 is illustrated in 

Figure 14. In the initial CO2 capture step, the Ni0 species undergoes complete oxidation by 

O2 to yield NiO, followed by CO2 capture via the interaction between the CaO surface and 

CO2 to yield CaCO3 layers on the CaO particles. When the gas flow was switched to H2, NiO 

was partially reduced by H2 to provide Ni0 sites, which acted as active sites for the H2-

reduction of adjacent CaCO3 layers to yield CaO and gas-phase products, CH4 and H2O. 

 
Figure 13. Operando Ni K-edge XANES results for Ni(10)-Ca(28)/Al2O3 at 500 ºC during CO2 capture 
(under 2.5% CO2+10% O2, for 5 min), followed by H2-reduction (10% H2, for 15 min). GC signals for CH4 
and H2O and Ni0 fraction determined by LCF analysis of the in situ Ni K-edge XANES results are plotted 
against time. 
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Figure 14. A proposed mechanism for CCR (with O2 during the CO2 capture step) over Ni-Ca based 
DFMs. 
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3.4 Conclusion 
 We performed various in situ and operando spectroscopic studies, and the following 

conclusions were obtained regarding the mechanism of the CCR of CH4 over Ni-Ca based 

DFMs. Under O2-free conditions, only a small part of the Ni0 species was oxidized by CO2 

during the CO2 storage step, whereas a part of the bulk CaO reacted with CO2 to yield bulk 

CaCO3 layers on CaO. In the subsequent H2-reduction step, the bulk CaCO3 was reduced by 

H2 to yield CaO and gas-phase products (CH4 and H2O). In the presence of O2 during the 

CO2 capture step, the Ni0 species underwent complete oxidation by O2 to yield NiO, followed 

by CO2 capture via the interaction between the CaO surface and CO2 to yield CaCO3 layers 

on the CaO particles. When the gas flow was switched to H2, NiO was partially reduced by 

H2 to provide Ni0 sites, which served as active sites for the H2-reduction of adjacent CaCO3 

layers to yield CaO and gas-phase products, CH4 and H2O. 
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Chapter 4 

Unsteady-state tandem catalytic systems 

for CO2 capture and reduction. 
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4.1 Introduction 

 Anthropogenic greenhouse gas emissions are critical in causing global warming1,2. To 

mitigate global warming and achieve a carbon-neutral society, the amount of CO2 emitting 

from energy- and industry-related sources must be significantly reduced3,4. One of the most 

promising strategies for mitigating anthropogenic CO2 emissions is to convert CO2 into 

chemical fuels, such as methane or methanol, and value-added chemicals via syngas5,6. 

However, CO2 needs to be captured from emission sources (such as power, refinery, 

chemical, steel, and ceramic plants) and stored prior to chemical transformation7. Although 

liquid amine scrubbing is a commonly employed CO2 capture and storage (CCS) technology 

in the industry8, it is hindered by high costs, significant energy requirements for solvent 

regeneration, and the need for large-scale plants9. 

Recently, unsteady-state CO2 hydrogenation processes, known as CO2 capture and 

reduction (CCR) and integrated CO2 capture and conversion, have emerged as alternative 

technologies in which the need for CCS is avoided10,11. In 2016, Urakawa et al.12 and Farrauto 

et al.13 separately published their works on CCR. Unlike conventional methods, CCR does 

not require large amounts of thermal energy for CO2 separation and purification14. 

Furthermore, this process is theoretically applicable to the utilization of O2-containing CO2 

emitted from industries such as power plants and is advantageous for practical use15. 

Dual-functional materials (DFMs) in which alkali or alkaline earth metals for CO2 

capture are combined with transition metals for CO2 hydrogenation are widely used in CCR 

operations. Selective CH4 and CO formation has been reported in various CCR studies. 

However, the reported CCR processes cannot be integrated with effluent streams released 

from various industrial processes because these are performed by changing the gas 

conditions stepwise (Fig. 1a). To address this, Urakawa et al. proposed a two-reactor parallel-

type system for continuous CCR12, whereas we developed a two-reactor parallel-type system 

for the continuous production of green fuels, such as CH4
16,17 and CO18,19, from a CO2/O2/N2 

mixture by alternating the feeds of CO2/O2/N2 and H2 to the DFMs in the two reactors (Fig. 

1b). Our system can continuously capture low-concentration CO2 (below 1%) from a mixture 

of O2 and convert it into green fuels. However, continuous CCR is not applicable to high-

concentration CO2 emissions that are similar to exhaust gas emissions from thermal power 

plants and other industrial sources because of the limited CO2 capacity of DFMs20 compared 

with zeolite sorbents21,22. For example, less than 30% high-concentration inlet CO2 (10%) 

can be converted even when one of the highest-activity DFMs available is used under 

optimized conditions. 
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Figure 1. Conceptual diagram of (a) conventional stepwise CCR, (b) continuous CCR, and (c) continuous 
tandem CO2 capture and hydrogenation processes. 

 

In this study, we developed a novel system in which tandem CO2 capture and 

hydrogenation is achieved by combining Rb-loaded zeolites (Rb-zeolites) as CO2 adsorbents 

with CO2 hydrogenation catalysts (Fig. 1c). For CO2 hydrogenation, Ni/CeO2
23–25 and 

Cu/ZnO/Al2O3
26–28 were used as typical catalysts for methanation and reverse water–gas shift 

(RWGS) reactions, respectively. The sorbents were filled upstream in two parallel reactors. 

The catalyst was filled downstream in a single reactor. The system was based on continuous 

temperature swing adsorption (TSA) and catalytic reactions. Initially, a CO2/O2/N2 mixture 

was fed into the Rb-zeolite sorbent (denoted as Z) to capture CO2 (Eq. 1). After this mixture 

changed to pure H2 gas and the sorbent temperature was increased, the captured CO2 and 

H2 were simultaneously desorbed by applying heat (Eq. 2). Desorbed CO2 and H2 flowed to 

the bottom reactor, and the methanation or RWGS reaction proceeded using the catalysts 

(Eqs. 3 and 4). 

 

CO2 (gas) + Z → Z-CO2 (ad)      (1) 

H2 + Z-CO2 (ad) → CO2 (gas) + H2 (gas) + Z   (2) 

CO2 (gas) + 4H2 (gas) → CH4 (gas) + 2H2O (gas)  (3) 

CO2 (gas) + H2 (gas) → CO (gas) + H2O (gas)   (4) 

 

This new process is suitable for continuous operation under temperature-swing cycling 

in the low-temperature range (between 40 and 200 °C) in the presence of O2. Compared with 

more than 50 reported CCR processes, this newel process exhibited high inlet CO2 

conversion. 
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4.2 Experimental Section 

4.2.1 Sorbent and catalyst preparation 

 Beta (Si/Al = 5, Mitsui Mining & Smelting Co., Ltd.), 13X (Si/Al = 1.25, Junsei Chemical 

Co., Ltd.), and Na-Y zeolites (Si/Al = 2.75, JRC-Z-Y5.5, Tosoh Corporation) were used as 

sorbents and supports. To prepare Rb-loaded zeolite sorbents, Rb species were immobilized 

on the zeolites using the conventional impregnation method. An appropriate amount of a 

Rb2CO3 aqueous solution (AR >99%, FUJIFILM WAKO Pure Chemical Corporation) was 

incorporated into the zeolites. After being stirred for 3 h at 25 °C, the suspension was 

evaporated by using a vacuum pump at 50 °C and dried overnight at 100 °C. The solid 

produced was then calcined at 200 °C for 1 h to obtain the desired Rb-zeolites. Other alkali-

metal-loaded zeolite sorbents were prepared by employing the same approach using K2CO3 

(AR: 99.0%, Tokyo Chemical Industry Co., Ltd.) and Cs2CO3 (AR >99%, FUJIFILM WAKO 

Pure Chemical Corporation) as precursors. 

4.2.2 Characterization 

 CO2 adsorption measurements were performed by using a fixed-bed flow reactor. The 

zeolite sorbents (50 mg) were placed on quartz wool in the middle of a reactor, which was 

then placed in an electric tube furnace. The zeolite sorbents were heated to 500 C under 

pure He flow (100 mL min−1), maintained for 30 min to remove the CO2 and water vapor 

included in zeolites, and cooled to 40 C. The gas emitting from the reactor outlet was directly 

connected to a homemade IR gas cell to monitor the CO2 concentration by performing IR 

measurements. In the first 30 s, before the CO2 concentration stabilized, a flow of 1% CO2/He 

was passed through the bypass line and then the feed was switched to the reactor. The CO2 

adsorption amount was calculated from the difference in CO2 concentrations between the 

blank and zeolites. The TPD of CO2 was also performed using the homemade IR gas cell. 

The zeolite (100 mg) was pretreated in He atmosphere at 500 C for 30 min and then cooled 

to 50 C. Next, the 1% CO2/N2 (100 mL min−1) mixed gas was fed into the reactor for 30 min 

and then He was flowed for 15 min. The TPD profile was obtained by heating the sample 

from 30 to 200 °C at a rate of 20 C/min under He flow. Operando FTIR measurements were 

performed during the TPD of CO2 using a JASCO FT/IR-4600 spectrometer equipped with a 

mercury–cadmium–telluride detector and a flow-type quartz IR cell connected to a flow 

system (total flow rate = 100 mL min−1). The effluent gas was simultaneously monitored by 

performing FTIR spectroscopy (JASCO FT/IR-4600) using a homemade gas cell. A sample 

pellet (40 mg; diameter: 20 mm) was introduced into a quartz cell equipped with a CaF 
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window. The sample pellet was pretreated at 200 C for 30 min under He flow and cooled to 

40 C, and the 1% CO2/He mixture was fed into the reactor for 5 min. Subsequently, the 

system was purged with He for 10 min and the background spectrum was recorded. 

Temperature-resolved measurements were performed from 40 to 200 C. The operando IR 

measurements were performed by monitoring the desorption of CO2 in the outlet gas mixture. 

 

4.2.3 Continuous CO2 capture and O2-free CO2 production using two parallel reactors 

 Continuous CO2 capture and O2-free CO2 production were performed using a system 

similar to that in a previous study37. CO2 was continuously separated by using two fixed-bed 

flow reactors, and the response curves for CO2 were obtained using a blank test. Two vertical 

quartz reactors (a and b) containing the same sorbent powder (14 g) were placed on quartz 

wool in the middle of the reactor in an electric tube furnace. The sorbents were pretreated 

under pure He flow (100 mL min−1) at 400 °C. Subsequently, continuous CO2 capture and O2-

free CO2 production were achieved. Two timer-controlled 4-way valves were switched 

simultaneously to feed a simulated exhaust gas (100 mL min−1; 10% CO2 + 10% O2/He for 

29.5 min and He for 0.5 min) and an O2-free CO2 gas (120 mL min−1; He for 30 min); when 

the simulated exhaust gas was fed to reactor a, the O2-free CO2 gas was fed to reactor b. 

Effluent gases containing uncaptured CO2 from reactors a and b (with O2 and He) were 

continuously fed into effluent 1. The produced O2-free CO2 in reactors a and b (with He) was 

continuously fed into effluent 2. The effluent gas was simultaneously monitored by performing 

FTIR spectroscopy (JASCO FT/IR-4600) using a gas cell and a mass spectrometer 

(BELMass, MicrotracBEL Corp.). The CO2 concentration was calculated using the calibration 

curve for the CO2 concentration and the IR peak area in the range of 2395−2235 cm−1 for ≤ 

1% CO2 and 3760−3662 cm−1 for > 1% CO2. The CO2 capture efficiency and the yield of O2-

free CO2 were calculated as follows: 

𝐶𝑂2 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 [%] =
∫ [𝐹𝐶𝑂2

𝑖𝑛 −𝐹𝐶𝑂2

𝑜𝑢𝑡(1)(𝑡)]𝑑𝑡
𝑡

0

∫ 𝐹𝐶𝑂2

𝑖𝑛 (𝑡)𝑑𝑡
𝑡

0

× 100; 

𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑂2 𝑓𝑟𝑒𝑒 𝐶𝑂2 [%] =
∫ 𝐹𝐶𝑂2

𝑜𝑢𝑡(2)
(𝑡)𝑑𝑡

𝑡

0

∫ 𝐹𝐶𝑂2

𝑖𝑛 (𝑡)𝑑𝑡
𝑡

0

× 100, 

where 𝐹𝐶𝑂2

𝑖𝑛  , 𝐹𝐶𝑂2

𝑜𝑢𝑡(1)
 , and 𝐹𝐶𝑂2

𝑜𝑢𝑡(2)
  are the CO2 molar flow rates at the column inlet and the 

outlets of effluents 1 and 2, respectively, and t denotes the duration of one cycle. 
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4.2.4 Continuous CO2 capture and methanation/RWGS reaction using the combined 
system with two parallel reactors for TSA and a single reactor for hydrogenation 

 Continuous CO2 capture and hydrogenation (such as the methanation and RWGS 

reactions) were performed using homemade reactors (Fig. 1c). Two vertical quartz reactors 

(a and b) containing the Rb-beta sorbent powder (14 g), same as those used for O2-free CO2 

production, were placed on quartz wool in the middle of the reactor in an electric tube furnace. 

For the methanation and RWGS reactions, Ni/CeO2 and Cu/ZnO/Al2O3 (commercial, Alfa 

Aesar) were added to the bottom reactor (c). The sorbents were pretreated under He flow for 

30 min at 400 C. Ni/CeO2 was pretreated with H2 for 30 min at 400 C. Cu/ZnO/Al2O3 was 

pretreated with H2 for 30 min at 500 C. After these pretreatments, continuous CO2 capture 

and hydrogenation were performed. Similar to the continuous O2-free CO2 production system, 

1% CO2 + 10% O2/He or pure He (for purging) and pure H2 were alternately flowed to each 

Rb-beta under cooling and heating. The produced O2-free CO2 and H2 were fed into a 

hydrogenation catalyst (in reactor c). Effluent 1 contained the uncaptured CO2, O2, and He. 

Effluent 2 contained the produced CH4, CO, and unreacted CO2. The produced H2O was 

trapped before the gas concentrations were analyzed using cold trap equipment. The gas 

compositions in effluents 1 and 2 (CO2, CO, and CH4) were analyzed online by using an FTIR 

spectrometer (JASCO FT/IR-4600) with a gas cell. The STYCH4, STYCO, and CH4 and CO 

yields are calculated as follows: 

𝑆𝑇𝑌𝐶𝐻4 𝑜𝑟 𝑆𝑇𝑌𝐶𝑂 [𝑚𝑚𝑜𝑙 𝑔−1 ℎ−1] =
∫ 𝐹𝐶𝐻4 𝑜𝑟 𝐶𝑂

𝑜𝑢𝑡 (𝑡)𝑑𝑡
𝑡

0

𝑚𝑐𝑎𝑡 × 𝑡
; 

𝐶𝐻4 𝑜𝑟 𝐶𝑂 𝑦𝑖𝑒𝑙𝑑 [%] =
∫ 𝐹𝐶𝐻4 𝑜𝑟 𝐶𝑂

𝑜𝑢𝑡 (𝑡)𝑑𝑡
𝑡

0

∫ 𝐹𝐶𝑂2

𝑖𝑛 (𝑡)𝑑𝑡
𝑡

0

× 100, 

where 𝐹𝐶𝐻4

𝑜𝑢𝑡 and 𝐹𝐶𝑂
𝑜𝑢𝑡 are the CH4 and CO molar flow rates, respectively, at the column outlet 

of effluent 2, and mcat is the catalyst mass. To determine the CO and CH4 molar flow rates, 

the peak area values around 2250−2001 and 3031−2994 cm−1 were used, respectively. 

 

4.3 Results and discussion 
4.3.1 Screening and optimizing sorbents and catalysts 
 First, we examined the CO2 adsorption properties of zeolite sorbents at 50 ºC using a 

fixed-bed continuous-flow system. The breakthrough curve obtained from the CO2 adsorption 

measurements is shown in Fig. 2a, and the CO2 adsorption amount determined from the 

breakthrough curve is presented in Fig. 2b. Among Rb-zeolites (such as Rb-13X, Rb-Y, and 

Rb-beta) and alkali-metal-loaded beta zeolites (such as Rb-, Na-, K-, and Cs-beta), Rb-beta 
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exhibited the highest amount of CO2 adsorption. Subsequently, we performed temperature-

programmed desorption (TPD) measurements of CO2 to explore the CO2 desorption 

properties of Rb-beta (Fig. 2c). CO2 desorption from Rb-beta was observed over the 

temperature range of 50–150 C, and the total amount of desorbed CO2 (0.8 mmol/g) was 

close to the CO2 adsorption amount (0.8 mmol/g). This indicated that adsorbed CO2 at 50 C 

was completely desorbed after heating to 150 C. 

To elucidate the mechanism underlying CO2 adsorption and desorption, operando Fourier 

transform infrared (FTIR) spectroscopy was performed during the TPD of CO2 on Rb-beta. 

Prior to the experiment, the infrared (IR) disk was heated under He at 400 C for 30 min and 

then cooled to 40 C. To record the background spectrum, 1% CO2/He was fed to the sample 

at 40 C for 5 min and purged under He. A strong band at 2275 cm−1 assigned to the physically 

adsorbed CO2 on zeolite29,30 and two weak broad bands at 1720 and 1280 cm−1 assigned to 

the carbonate species31,32 were observed before heating (Fig. 2d). These results indicated 

that physically adsorbed CO2 was the main adsorbed species and carbonate was a minor 

species. As the temperature increased from 60 to 160 C, the band intensity for the physically 

adsorbed CO2 sharply decreased, accompanied by CO2 formation at the outlet of the IR cell 

(Fig. 2e). This indicated that the physical adsorption and desorption of CO2 were responsible 

for the adsorption/desorption of CO2 on Rb-beta. 

 We adopted Ni/CeO2 and Cu/ZnO/Al2O3 as typical catalysts for the methanation and 

RWGS reactions. The reaction temperatures for these catalysts were optimized by 

performing steady-state reaction experiments (Fig. 3). When the Ni/CeO2 catalyst was used, 

the CO2 conversion and CH4 selectivity sharply increased at a temperature of >150 ºC (Fig. 

3a). The reaction over the temperature range of 200–500 C resulted in nearly complete 

conversion of CO2 to CH4 (CO2 conversion ≥97.0%, CH4 selectivity ≥ 99.7%). In the case of 

the RWGS reaction with the Cu/ZnO/Al2O3 catalyst, the CO2 conversion monotonically 

increased from 2.0% to 78.1% with the temperature over the range of 100–650 ºC (Fig. 3b). 

Compared with equilibrium conversion, the difference of CO2 conversion was almost zero at 

650 ºC. Further increasing the temperature to 700 C did not significantly improve CO2 

conversion (79.4%). CO selectivity was high (≥99.3%) at a temperature of >200 ºC. 
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Figure 2. (a) CO2 adsorption at 50 ºC for 200 s under a flow of 0.97% CO2 (He balance; total flow: 100 
mL/min). The flow passed through a bypass line in the first 20 s. (b) Comparison between CO2 adsorption 
amounts on zeolite sorbents at 50 ºC (determined by conducting the experiment shown in Fig. 1a). (c) CO2 

TPD profiles for Rb-beta under He flow. Conditions: heated at 500 C under He flow and then cooled to 50 

C under He flow; 1% CO2/N2 mixture was fed into the reactor at 50 ºC for 30 min and purged with He for 
5 min. The CO2 TPD experiment was conducted by applying heat under He flow. (d) Operando FTIR 
spectroscopy for Rb-beta under CO2 TPD condition. IR spectra of adsorbed species at temperature 

intervals of 40 C. (e) Time-resolved trends in the IR intensities of adsorbed CO2; concentration of 
desorbed CO2. The background spectrum was recorded before CO2 capture. 
 
 

 
Figure 3. (a) CO2 conversion and CH4 selectivity with respect to reaction temperature with Ni/CeO2 catalyst. 
(b) CO2 conversion and CO selectivity with respect to reaction temperature with Cu/ZnO/Al2O3 catalyst. 
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4.3.2 Continuous production of O2-free CO2 from CO2/O2 mixture 
 Prior to the continuous CO2 capture and hydrogenation using the coupled tandem 

TSA/catalyst system, we demonstrated the continuous production of O2-free CO2 from a 

model combustion exhaust gas (10% CO2 + 10% O2/He) using the TSA system. Fig. 4a 

shows a schematic of the TSA system for O2-free CO2 production from the model combustion 

exhaust gas. Two reactors containing equal amounts of Rb-beta were set up in parallel for 

CO2 capture and desorption. The CO2 concentrations in effluents 1 and 2 were monitored by 

performing FTIR spectroscopy, and the O2 concentration in effluent 1 was monitored by using 

mass spectrometry (MS). A gas mixture of CO2/O2/He was fed into one reactor for 29.5 min 

for CO2 capture and then purged with He (0.5 min) to remove the remaining O2 from the 

reactor. The other reactor (containing CO2-captured Rb-beta) was heated to 200 ºC under 

He to produce O2-free CO2 in effluent 2. Figs. 4b and 4d show the typical variations in the 

CO2 and O2 concentrations in effluents 1 and 2 over time, respectively. CO2 is captured from 

the CO2/O2 mixture when the reactor is cooled from 200 to 40 ºC. During the CO2-capture 

period, the outlet CO2 concentration (in effluent 1) is below the detection limit, indicating that 

CO2 is almost completely removed from the 10%-CO2/10%-O2 mixture. Subsequently, two 4-

way valves connected to the top and bottom of the tubular reactors are simultaneously 

switched, and the captured CO2 is released by heating to 200 ºC (5.5 ºC/min) under He flow; 

this results in the formation of O2-free CO2 in effluent 2. The maximum concentration of the 

liberated CO2 is ~37%. The amounts of captured CO2 (12.1 mmol) and produced O2-free CO2 

(11.9 mmol) in one cycle, calculated by applying Eqs. 2 and 3. Note that the production of 

CO2 results in an increase in the total flow rate (from 120 to 167 mL/min) of effluent 2. The 

CO2 capture and desorption experiments are performed continuously for seven cycles (data 

not shown). These results clearly reveal the continuous production of O2-free CO2 from the 

10%-CO2/10%-O2 gas mixture. 
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Figure 4. (a) Schematic of the two-reactor TSA system for continuous CO2 capture and O2-free CO2 
production; captured gas (100 mL/min, 10% CO2 + 10% O2/He for 29.5 min and then pure He for 0.5 min) 
and released gas (120 mL/min, pure He for 30 min) were alternately fed into each reactor containing 14 g 
of Rb-beta. (b and d) Typical variations in the CO2 and O2 concentrations in effluents 1 and 2 over time, 
respectively. (c and e) Typical temperature changes in reactors a and b over time, respectively. 

 
4.3.2 Continuous CO2 capture and methanation/RWGS reaction using the tandem 
system 

Next, continuous CO2 capture and methanation were performed using the tandem 

TSA/methanation system. Unlike DFM designs, the tandem-system design allows individually 

optimized active sites and reaction conditions for each step. The proposed TSA system 

converts the model combustion exhaust (10% CO2/10% O2) to O2-free CO2, which undergoes 

methanation under H2 in the reactor (containing Ni/CeO2) downstream at 300 C (Fig. 5a). 

First, the CO2/O2 mixture is fed into one reactor of the TSA system for 29.5 min for CO2 

capture, and then, pure He (0.5 min) is fed to purge the remaining O2 in the reactor. The other 

reactor (containing CO2-captured Rb-beta) is heated to 200 ºC (5.5 ºC/min) under pure H2 for 

30 min. The desorbed CO2 and H2 are fed into the methanation reactor and converted to CH4. 

Figures 5b and 5d show the typical variations in the CH4, CO2, and O2 concentrations 

in effluents 1 and 2 over time, analyzed online by employing an IR gas-cell and MS, 

respectively. Figures 5c and 5e depict the optimized time variations in the temperatures of 

the two TSA reactors. During the CO2-capture period, the outlet CO2 concentration (in effluent 

1) is below the detection limit, indicating that CO2 is almost completely removed from the 

10%-CO2/10%-O2 mixture. Subsequently, two 4-way valves connected to the top and bottom 

of the tubular reactors are simultaneously switched, and the captured CO2 is released by 

heating under H2. When CO2-captured Rb-beta is heated under H2, CH4 was observed in 
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effluent 2, with a maximum concentration of ~66.3%. The concentration of CO (0.02%) is low, 

and CO2 is not present in effluent 2; thus, CH4 selectivity is ≥99%. Note that the high 

conversion level of CO2 and H2 over the downstream Ni/CeO2 catalyst results in a significant 

decrease in the total flow rate (from 120 to 40 mL min−1) of effluent 2. The CO2 capture and 

desorption/methanation experiments are performed continuously for four cycles (data not 

shown). The effect of the CO2-capture temperature (40, 80, 100, and 120 C) on the CH4 

yield reveals that the lowest temperature (40 C) produces the highest CH4 yield, simply 

because a lower adsorption temperature leads to a larger CO2 capacity of Rb-beta. The effect 

of the catalyst amount shows that increasing the catalyst amount (from 2 to 15 g) results in a 

slight increase in the CH4 yield (from 85 to 92%) and a large decrease in the space-time-yield 

of CH4 (STYCH4) (from 11.9 to 1.8 mmol g−1 h−1). 

A CH4 yield of 92% is almost double those in the previously reported catalytic systems 

for the methanation of a CO2/O2 mixture using CCR (16 reports and 55 reaction processes 

presented in Fig. 6). The reaction temperature in our system (300 C) is the lowest among 

the reported systems, and the inlet CO2 concentration in our system is the highest among the 

reported systems. Note that the majority of the previously reported CCR systems for CH4 

production were tested in the absence of O2 during the CO2-capture period (10 reports and 

100 reaction processes). Compared with those systems, our system produces the highest 

CH4 yield. 

We demonstrated continuous CO2 capture and the RWGS reaction using a system 

similar to that described in the previous subsection; in this system, a commercial 

Cu/ZnO/Al2O3 catalyst was used as the RWGS catalyst (catalyst amount = 10 g) (data not 

shown). When Rb-beta was heated from 40 to 200 C, CO was formed with a maximum 

concentration of ~41.0%, CO2 was desorbed with a maximum concentration of ~11.2%, and 

almost no CH4 was detected (CO selectivity ≥99%). In addition, no CO2 was detected in 

effluent 1 using gas-cell IR, indicating that almost all the supplied CO2 was captured by Rb-

beta. Given the CO production per unit time, the conversion of inlet CO2 to CO (denoted as 

the CO yield) was 85%, indicating that a considerable amount of the supplied high-

concentration CO2 in the presence of O2 was continuously converted to CO. This reaction 

was repeated several times and maintained for at least 2 h (six cycles; data not shown). 

Furthermore, the amount of Cu/ZnO/Al2O3 included in this RWGS system was optimized from 

0.2 to 14 g (data not shown). When the catalyst amount was between 1 to 15 g, the CO yield 

was over 85% and the maximum CO production rate was 20.1 mmol g−1 h−1. When the 
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catalyst amount was decreased to 0.2 g, the CO yield decreased by 45% but the space-time-

yield of CO (STYCO) increased to 55.5 mmol g−1 h−1. Thus, increasing the catalyst amount 

from 0.2 to 1 g resulted in a sharp increase in the CO yield (from 45% to 85%), but further 

increasing the amount from 1 to 15 g resulted in limited change (from 85% to 81%). 

Additionally, increasing the catalyst amount from 0.2 to 15 g significantly decreased the 

STYCO from 55.5 to 1.5 mmol g−1 h−1. 

The system was compared with previously reported systems (10 reports and 30 

reaction processes in Fig. 6b). The majority of the previously reported CCR systems for CO 

production were evaluated at low inlet CO2 concentrations (below 1%). Our system 

demonstrated the RWGS process with a high CO yield (85%) at a high inlet CO2 

concentration (10%). Notably, many of the previously studied CCR systems aimed at CO 

production were tested in the absence of O2 during CO2 capture (10 reports and 100 reaction 

processes). Compared with systems with the same inlet CO2 concentration (10%), our 

system demonstrated approximately twice the CO yield. 

For example, in Fischer–Tropsch (FT)33, methanol (MeOH)34, and ethanol (EtOH) 

syntheses35 from syngas, the H2/CO ratio of the syngas significantly affects the selectivity 

and yield of the product. Similar to the aforementioned methanation system, the H2 input was 

optimized (Fig. 7). When the H2 flow time was reduced from 30 to 20 min in one cycle, the H2 

conversion slightly increased from 9.8% to 15% and the H2/CO ratio changed from 9.1 to 3.7, 

which is closer to the ideal value of 2.0 for FT, MeOH, and EtOH syntheses, while retaining 

a high CO yield (93%). Furthermore, syngas is an environment-friendly alternative gaseous 

fuel for internal combustion during engine operations, and H2-rich syngas (H2/CO ≥3.0) has 

been reported to improve thermal efficiency36; this continuous RWGS process also has the 

potential to provide industrially valuable syngas. This technique is effective for continuous 

CO2 capture and methanation. A decrease in the H2 flow time improved the H₂ utilization 

efficiency (H2 conversion increased from 38% to 58%). 
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Figure 5. (a) Schematic of the two-reactor TSA system for continuous CO2 capture and methanation; 
captured gas (100 mL/min; 10% CO2 + 10% O2/He for 29.5 min and then pure He for 0.5 min) and 
hydrogenation gas (120 mL/min; pure H2 for 30 min) were alternately fed into each reactor containing 14 
g of Rb-beta. (b and d) Typical variations in the CH4, CO2, and CO concentrations in effluents 1 and 2 over 
time, respectively. (c and e) Typical temperature changes in reactors a and b over time, respectively. 
 

 
Figure 6. Performance of (a) methanation and (b) RWGS reaction processes in the proposed system 
and previously reported systems for exhaust or atmospheric CO2 conversion. 
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Figure 7. (a) Schematic and procedure of continuous CO2 capture and methanation; captured gas (100 
mL min−1; 10% CO2 + 10% O2/He for 29.5 min and then pure He for 0.5 min) and hydrogenation gas (120 
mL min−1; pure H2 for 20 min) were alternately fed into each reactor containing 14 g of Rb-beta. (b and d) 
Typical variations in the CH4, CO2, and CO concentrations in effluents 1 and 2 over time, respectively. (c 
and e) Typical temperature changes in reactors a and b over time, respectively. (f) Changes in the CO2 
capture efficiency and CO yield during cyclic test. (g) Comparison of H2 conversion and ratio of effluent 
CO to H2 in one cycle between the conditions depicted inH2 flow for 29.5 min) and those H2 flow for 20 
min. 
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4.3.3 Continuous direct air capture and methanation 

Next, we broadened the applicability of the proposed system for continuous CH4 

production from ambient CO2 (Fig. 8). For ambient CO2 capture and methanation, a high flow 

rate (500 mL min−1) of air was fed into one TSA reactor for 60 min, whereas a low flow rate 

(10 mL min−1) of pure H2 was fed to the other TSA reactor (containing CO2-captured Rb-beta) 

for 60 min. The H2 and desorbed CO2 from the other TSA reactor were subsequently fed into 

the downstream methanation reactor (containing Ni/CeO2). When CO2-captured Rb-beta was 

heated under H2, the desorbed CO2 underwent methanation on the downstream Ni/CeO2 

catalyst to produce a high concentration of CH4. The maximum CH4 concentration was 0.7%, 

and the average CH4 concentration was ~0.4%. The results highlight the production of 10 

times enriched CH4 from atmospheric CO2. As shown in our previous study37, the enrichment 

methodology is simply based on the difference in the flow rates for CO2 capture (500 mL 

min−1) and reduction (10 mL min−1). The proposed methanation method is also applicable to 

high concentrations (40%) of CO2. The 40%-CO2+10%-O2 mixture undergoes methanation, 

and the CH4 yield is ~70%. These results demonstrate that the proposed methanation system 

can be applied to a wide range of CO2 concentrations. 

 

 
Figure 8. Schematic and typical variations in the CH4, CO, and unreacted CO2 amounts in effluent 2 over 
time for continuous direct air capture and methanation. Conditions: 14 g of Rb-beta for each upper reactor 

and temperature swing from 40 to 200 C (heating rate = 20 C/min); 15 g of Ni/CeO2 for the bottom reactor, 

300 C, and 500 mL min−1 air for 60 min and switched to 10 mL min−1 H2 for another 60 min. 
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4.3.4 Energy efficiency 

To assess the energy requirements of the two processes, we analyzed the energy 

efficiency (η) and fuel production efficiency (FPE) of the tandem methanation and CCR 

systems38. The η for CO2 conversion reactions was calculated using the following equation39: 

η(%) =
∆𝐻𝑅(kJ∙mol−1)∙𝑋CO2 ∙𝑟CO2,in

(mol∙s−1)

𝑃(kW)
, 

where 𝑟CO2,in represents the molar flow rate of CO2 at the inlet of the reactor, and ∆𝐻𝑅 is the 

reaction enthalpy (−165 kJ/mol for the methanation process at 298 K). The calculated η 

values for the two systems are plotted as a function of time elapsed in Fig. 9a. The η for CCR 

is 46% at the beginning of the reaction but declines exponentially owing to the limited CO2 

capacity of the DFM. In contrast, the η for tandem methanation is significantly higher than 

that for CCR, owing to the lower total thermal input and greater CH4 production. The system 

performances are compared in Fig. 9b. The advantages of tandem methanation over CCR 

are evident in terms of the CH4 yield, CH4 selectivity, CH4 production per gram of the catalyst 

+ adsorbent (to ensure a fair comparison between the two systems), and η. Note that the η 

for tandem methanation exceeds 100%. This is because only the power input is considered 

in the overall energy input and output and the net energy flow of the reactants and products 

is ignored. We also compared the FPEs of the two systems. The FPE for the methanation 

reaction is defined as the ratio of the energy output in the form of methane (not considering 

unreacted H2 at the exit) to the total energy input. The output energy is estimated based 

solely on the low heating value of CH4 (LHVCH4
 ), because the condensation heat of the 

produced water is typically not recovered. The energy input includes both the thermal input 

and the feed gas (H2), which possesses a heating value and contributes energy to the 

process. Therefore, the FPE is calculated as 

FPE(%) =
Output energy

Input energy
=

LHVCH4
(kJ ∙ mol−1) ∙ 𝑟CH4

(mol ∙ s−1)

𝑃(kW) + LHVH2
(kJ ∙ mol−1) × (𝑟H2,𝑖𝑛 − 𝑟H2,𝑜𝑢𝑡)(mol ∙ s−1)

 

where 𝑃  is the thermal input, 𝑟CH4
 is the mole of CH4 production, 𝑟H2,in − 𝑟H2,out = (𝑛H2,𝑖𝑛 −

𝑛H2,𝑜𝑢𝑡)/∆𝑡  is the rate of H2 consumption, and LHVH2
  and LHVCH4

  are the LHVs of the 

converted hydrogen and methane (242 and 801 kJ/mol), respectively. As depicted in Fig. 9b, 

tandem methanation yields a high FPE of 83%, whereas CCR exhibits a FPE of 80%. 
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Figure 9. (a) Typical variations in the energy efficiencies of CCR and tandem methanation system over 

time. Conditions: 14 g of Rb-beta for each upper reactor and temperature swing from 40 to 200 C (heating 

rate = 20 C/min); 15 g of Ni/CeO2 for the bottom reactor, 300 C, and 500 mL/min air for 60 min and 
switched to 10 mL/min H2 for another 60 min. (b) Comparison of the CH4 yield (YCH4), CH4 selectivity (SCH4), 
CH4 production, energy efficiency (η), and fuel production efficiency (FPE) between the CCR and tandem 
methanation systems. 
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4.4 Conclusions 
 In summary, we developed a new method for the continuous production of O2-free 

CO2, CH4, and CO from the atmosphere and a simulated exhaust gas (CO2/O2/He mixture). 

The developed process is suitable for continuous operation over a low-temperature swing of 

40–200 °C on a Rb-beta sorbent combined with a methanation system at 300 C and a 

RWGS system (for syngas synthesis) at 650 C. The results of this study revealed that the 

developed process is almost twice as effective as CCR for CO2 capture and hydrogenation. 

We also provided evidence that the energy efficiency of the tandem methanation process 

based on the overall energy input and output is comparatively high because of the low power 

input required to operate the system and the high CH4 production. This approach is promising 

for CO2 utilization via direct air and post-combustion gas capture and conversion to green 

fuels. In the future, we expect that our flexible process, in combination with efficient catalysts, 

will contribute to a carbon-neutral society. 
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CO2 reforming by CH4 via chemical looping technology 
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5.1 Introduction 

 The excessive emission of greenhouse gases (GHG) such as methane (CH4) and 

carbon dioxide (CO2) has become a global environmental problem1,2. CH4 and CO2 

valorization, a favorable route to reduce GHG emissions, have been a subject of intense 

research 2–11. Dry reforming of methane (DRM) is a promising catalytic reaction that can 

convert CH4 and CO2 to syngas (CO and H2)4,12–18. Although several efficient and durable 

catalyst systems for DRM have been developed recently, most reported catalyst systems 

suffer from certain drawbacks, such as catalyst deactivation due to coke deposition and 

undesired CO2 reduction by the generated H2. Chemical looping dry reforming of methane 

(CL-DRM) has received considerable attention as an alternative technology to circumvent 

these drawbacks. CL-DRM uses oxygen storage materials (OSMs, such as MOX) and 

consists of the following two-step reaction: In the first step, CH4 reacts with OSMs to produce 

H2 and CO, resulting in the reduction of OSMs (partial oxidation of CH4 (POM), Eq. 1). In the 

second step, the reduced OSMs are reoxidized by CO2 to produce CO and regenerate OSMs 

(CO2 reduction, Eq. 2). Hence, in the above two-step reaction, H2 and CO with molar ratios 

similar to those obtained in DRM could be realized. Although coke deposition possibly occurs 

during CH4 oxidation, it can react with CO2 to produce CO (Boudouard reaction, Eq. 3). 

Reduction of CO2 by H2 can be suppressed by separating the CO2 and CH4. 

 

dCH4 +MOX → d(CO + 2H2) + MOX-d  (1) 

dCO2 + MOX-d → dCO + MOX  (2) 

C + CO2 →2CO  (3) 

 

Otsuka and Yamanaka et al. first reported CL-DRM over CeO2 in the presence of Pt or 

Pd black19. Subsequently, various metal oxides (NiO20,21, FeO20,22–24, perovskites25–27, and 

hexaaluminates28,29) have been used as OSMs in CL-DRM. Earth-abundant NiO and FeO 

lose their redox activities owing to severe coke deposition and sintering, respectively. 

Perovskite oxides25–27 and hexaaluminates28,29 require high reaction temperatures (>850 °C). 

Although Ni-modified CeO2 has been recently studied as an effective material for CL-DRM at 

lower temperatures (approximately 750 °C) by several research groups30–35, OSMs for low-

temperature CL-DRM need to be explored. Besides, the repetition of CL-DRM in previous 

studies was limited to a few dozen cycles30–35, and thus the long-term durability was rarely 

investigated. 
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Metal oxide-supported WO3, such as tungstated zirconia (WO3/ZrO2) and tungstated 

alumina (WO3/Al2O3), are widely used as heterogeneous acid catalysts for hydrocarbon 

isomerization and cracking and biomass conversions28–40. Their catalytic properties strongly 

depend on the structure of the WO3 species, which is influenced by their surface W density 

estimated from the WO3 loading amount and specific surface area. Isolated monotungstate 

and/or oligomeric polytungstate species are dominant in low surface W density (<4 W 

atoms/nm2) whereas three-dimensional tungstate nanoclusters and/or monolayer domains 

are formed with the increase of surface W density increases to 4‒8 W atoms/nm2 36. Various 

studies on the relationship between the surface W density, structure of the supported WO3 

species, and acid catalysis reported that intermediate-to-high W density (approximately 6‒10 

W atoms/nm2) was optimal, showing that three-dimensional nanoclusters and/or monolayer 

domains are responsible for effective Brønsted acid sites rather than monomers, oligomers, 

or crystalline WO3 species. Transition metal-modified WO3/ZrO2 and WO3/Al2O3 have also 

been investigated as solid acid catalysts. H2 pretreatment reduced the surface W6+ to 

W5+/W4+ species in the Pt-WO3/ZrO2 system49,50. H2 reduces the W species at the interface 

of WOX and Pt to produce active Brønsted acid sites45,51. In the previous reports on syngas 

production from CH4 via CL reactions, redox properties of supported WO3 have also been 

studied. Despite bulk or supported WO3 in the CL steam reforming of CH4 
52–54 high-

temperature conditions (900–1000 °C) are required to reduce WO3 by CH4. In contrast, in the 

CL-type POM, the Ni-modified WO3/Al2O3 reacted with CH4 at a milder reaction temperature 

(800 °C)55. A few WO3-based catalysts have been applied for steady-state POM56,57. The 

studies mentioned above demonstrated the potential of supported WO3 materials as OSMs 

for CL-type POM. However, the relationship between the structure of WOX species and its 

redox properties has not yet been investigated. 

In this study, we investigated CL-DRM over supported WO3 materials. Screening of the 

metal oxide supports and WO3 loading amount revealed that Ni-modified WO3/ZrO2 with 10.0 

wt% WO3 loading (Ni/WO3(10)/ZrO2) efficiently promoted CL-DRM at a relatively low 

temperature (750 °C). Structural analysis using N2 adsorption, X-ray diffraction (XRD), 

Raman spectroscopy indicated that the highly dispersed tungstate species, including isolated 

monotungstate and/or oligomeric polytungstate species, on ZrO2 functioned as oxygen 

storage sites in CL-DRM. Temperature-programmed surface reactions (TPSRs) indicated 

that dispersed tungstate species and Ni species cooperatively work on ZrO2 to promote POM. 

The redox properties and local structures of dispersed tungstate species in CL-DRM were 

also studied using in situ XAS with an online mass spectrometer (operando XAS) and X-ray 
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photoelectron spectroscopy (XPS). We also compared CL-DRM performance over 

Ni/WO3(10)/ZrO2 with conventional DRM for long-term reactions. 

 

5.2 Experimental Section 

5.2.1 General and material synthesis 

 Ni(NO3)2 · 6H2O (AR 98%) was obtained from KANTO Chemical Co., INC. WO3 (AR 

99.9%) was purchased from Sigma-Aldrich. WO3-ZrO2 (6.2, 10.0, and 19.5 wt% of WO3) and 

ZrO2 (RC-100) were supplied by DAIICHI KIGENSO KAGAKU KOGYO Co., Ltd. Other WO3-

loaded metal oxides were synthesized via the wetness impregnation method using 

(NH4)10W12O41·5H2O (FUJIFILM WAKO Pure Chemical Corporation) as the WO3 precursor. 

Al2O3 was obtained by calcination of AlOOH (Catapal B alumina, Sasol Chemicals) at 900 °C 

for 3 h. SiO2 (Q-10) (Fuji Silysia Chemical Ltd.) and MgO (JRC-MGO-3), and TiO2 (JRC-TIO-

4) were obtained from the Catalysis Society of Japan and used as received. An appropriate 

amount of (NH4)10W12O41‧5H2O was impregnated into each support. After stirring for 3 h at 

room temperature (approximately 25 °C), the suspension was evaporated at 50 °C using a 

vacuum pump and then dried at 100 °C overnight. The solid obtained was calcined at 500 °C 

for 3 h to yield the WO3-loaded support. Ni-modified WO3/ZrO2 was synthesized via a 

precipitation method using urea as the precipitating agent. An appropriate amount of Ni(NO3)2

‧6H2O and urea were dissolved in deionized water, and then WO3/ZrO2 was added. The 

mixed suspension was stirred at 90 °C for 24 h. The solid obtained was separated by 

centrifugation and washed five times with deionized water. The resulting solid was dried 

overnight in an oven at 90 °C and then calcined at 500 °C in the air for 3 h. Ni-modified WO3-

loaded metal oxides were synthesized similarly. In our previous study of CL-DRM using Ni-

modified CeO2, higher Ni loading resulted in severe coke formation33. To avoid the coke 

formation for investigation of the CH4 partial oxidation over tungstate species and its redox 

reaction, we chose a very low Ni loading amount of 0.5 wt%. For the preparation of the 

Ni/WO3(10)/ZrO2 having mainly monoclinic phase (denoted as Ni/WO3(10)/ZrO2–monoclinic), 

Zr(OH)4 (JRC-ZRO-6) was calcined at 500 C for 3 h to synthesize monoclinic ZrO2. 

5.2.2 Chemical looping dry reforming of methane (CL-DRM) 

 CL-DRM was performed under atmospheric pressure in an electrically heated reactor 

with a quartz reaction tube. The quartz reaction tubes were filled 40 mg of fine powder 

materials. The temperature was raised to 750 °C for 20 min under a He flow. The reaction 

was performed by periodically switching the gas between 1% CH4/He (100 mL/min) and 1% 
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CO2/He (100 mL/min) using a timer-controlled valve. The gas hourly space velocity (GHSV) 

value was approximately 119000 h-1. The generated CO and unreacted CH4 and CO2 were 

analyzed using an online Fourier transform infrared (FTIR) spectrometer (SHIMADZU-

IRSpirit) and a gas cell. Note that we checked the response curve of CH4 and CO2 by blank 

test and calculated the actual molar amount of CH4 and CO2 flowed in 1 cycle. Based on 

these calculated values, we determined the conversion values. The generated H2 during CH4 

flow was analyzed using a gas chromatography-mass spectrometer (GC-MS, JEOL JMS-

Q1500GC). 

5.2.3 Characterization 

 N2 adsorption measurements were performed using an AUTOSORB 6AG instrument 

(Yuasa Ionics Co., Ltd.). Note that, for N2 adsorption measurements, the material after 

calcination was further calcined at 200 C for 3 h under pure He. The WO3 surface density 

was calculated the following equation based on the specific surface area obtained from N2 

adsorption measurements. 

WO3 surface density [W atoms/nm2] =
Amount of WO3 unit [W atoms/g_cat]

specific surface area [m2/g_cat]
 

=
(

WO3 loading [g/g_cat]
Molecular weight of WO3[g/mol]

× Avogadro constant [atoms/mol])

Specific surface area [m2/g_cat]
 

CH4- and CO2-TPSRs were conducted using the same reactor system used for CL-

DRM. The effluent gas was analyzed by FTIR and GC-MS. XRD measurements were 

performed using a Rigaku MiniFlex II/AP diffractometer with Cu Kα radiation. Raman spectra 

were obtained using a JASCO NRS-5500 spectrophotometer at a laser wavelength of 532 

nm. High-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) images were recorded on an FEI Titan G2 microscope equipped with an energy-

dispersive X-ray (EDX) analyzer. XPS spectra were measured on a JEOL JPC-9010MC 

spectrometer in a modified ultrahigh vacuum (UHV) chamber employing Mg Kα radiation. All 

the XPS spectra were corrected for charging by referencing the O 1s peak to 532.0 eV and 

analyzed after Shirley’s background subtraction. Curve-fitting analysis was performed using 

Fityk software ver 1.3.1. The function used for curve fitting is Gaussian. Note that a series of 

as-prepared catalysts (calcined at 500 °C) were used for characterization. The 

Ni/WO3(10)/ZrO2 used for CL-DRM at 750 °C was also analyzed in similar ways without 

further treatment. For XPS measurement, the catalysts were treated under CH4 or CO2 at 

750 °C and then transferred to a chamber without exposure to air. 
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5.2.4 In situ/operando XAS study 

 W L3-/L1-edge, Ni K-edge, and Zr K-edge X-ray absorption near-edge structure 

(XANES) measurements were performed on a medium-length hard X-ray bending magnet 

(BL14B2) beamline at SPring-8 (Japan, Harima) using a Si (311) double-crystal 

monochromator (Proposal Nos. 2020A1695 and 2022A1827). W L3-/L1-edge and Zr K-edge 

XANES studies were performed in transmission mode. A sample pellet prepared using 40 mg 

of the material (φ = diameter of the pellet, φ = 7 mm) was introduced into a quartz cell 

equipped with Kapton film windows and gas lines connected to the mass spectrometer for in 

situ analysis. The material was heated to 750 °C in He (100 mL/min), and then the spectrum 

was recorded (corresponding to before the reaction). A reaction gas containing CH4 (1% 

CH4/He, 100 mL/min) was allowed to flow for 10 min, followed by a reaction gas containing 

CO2 (1% CO2/He, 100 mL/min) for 10 min. Subsequently, the reaction gas was switched to 

1% CH4/He and changed again to 1% CO2/He for 6 min. Ni K-edge XANES spectra were 

obtained in the fluorescence mode. A sample pellet prepared using 50 mg of the material (φ 

= 10 mm) was introduced into a quartz cell equipped with Kapton film windows and connected 

to gas lines. XAS spectra were analyzed using Athena software ver. 0.9.25 included in the 

Demeter package58. Note that, for the analysis of W L3-edge EXAFS spectra of 

Ni/WO3(10)/ZrO2, the normalized EXAFS was converted to units of Å-1, and then Fourier 

transformed over the range of 3.0–11.0 Å-1 because of the absorption edge of Hf L2-edge. 

 

5.3 Results and discussion 

5.3.1 Screening of supports, active metal species, and WO3 loading amount 
 Figure 1 shows the concentration profile of the outlet gas in the CL-DRM over 

Ni/WO3(10)/ZrO2 and Ni-modified WO3 (Ni/WO3) and ZrO2 (Ni/ZrO2), each having 0.5 wt% of 

Ni. 1% CH4/He and 1% CO2/He gas flowed alternately over the materials every 5 min. The 

average amount of CO for three redox cycles and the total amount of CO formed for a series 

of WO3-based materials are summarized in Table 1. Ni/WO3 and Ni/ZrO2 exhibited very low 

activity for the CH4 oxidation and CO2 reduction, resulting in less amount of CO during CH4 

flow (0.06 and 0.10 mmol/g CO for Ni/WO3 and Ni/ZrO2, respectively, Table 1, entries 1 and 

2). In contrast, Ni/WO3(10)/ZrO2 (Ni = 0.5 wt%) efficiently promoted CH4 oxidation and CO2 

reduction to yield 1.16 and 2.04 mmol/g of CO, respectively, which is the highest among all 

materials (Table 1, entry 3). H2 (4.06 mmol/g) was produced during CH4 flow, confirming the 

POM to CO and H2. The molar ratio of the generated H2 and CO (H2/CO) was higher than 

the theoretical H2/CO molar ratio of 2, which indicates that a side reaction in which CH4 
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decomposed to form H2 and coke also occurred. The coke reacted with CO2 to form CO, 

producing more CO during CO2 flow (2.04 mmol/g) than CH4 flow (1.16 mmol/g). The 

desorbed CO2 species was not detected during CH4 flow, indicating that accumulation of CO2 

as carbonate species was unlikely to occur. WO3(10)/ZrO2 without Ni modification exhibited 

a quite low activity in the CL-DRM reaction (Table 1, entry 4). The Ni modification dramatically 

improved the CL-DRM activity of WO3(10)/ZrO2, indicating the cooperative work of tungstate 

and Ni species in CL-DRM. 

 

 
Figure 1. Effluent concentration profiles of CO2, CH4, CO, and H2 in CL-DRM over Ni/WO3, Ni/ZrO2, and 
Ni/WO3(10)/ZrO2. Conditions: 40 mg material, 750 °C, 100 mL/min flow rate. The redox cycle of 1% CH4/He 
(5 min) and 1% CO2/He (5 min) was repeated five times. 
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Table 1. Results of CL-DRM over metal loaded metal oxide materials.  

Entry Material 
Average value of CO of 3 cycles[a] [mmol/g] 

CH4 oxidation CO2 reduction Total 

1 Ni/WO3 0.06  0.04  0.10  

2 Ni/ZrO2 0.10  0.10  0.19  

3 Ni/WO3(10)/ZrO2 1.16  2.04  3.20  

4 WO3(10)/ZrO2 0.08 0.06 0.14 

5 Ni/WO3(10)/Al2O3 0.12  0.06  0.18  

6 Ni/WO3(10)/SiO2 0.07  0.00  0.07  

7 Ni/WO3(10)/MgO 0.00  0.00  0.00  

8 Ni/WO3(10)/TiO2 0.67  0.49  1.16  

9 Fe/WO3(10)/ZrO2 0.12 0.03 0.15 

10 Co/WO3(10)/ZrO2 0.95 1.79 2.74 

11 Cu/WO3(10)/ZrO2 0.08 0.01 0.09 

12 Ni/WO3(6.2)/ZrO2 0.71 1.13 1.54 

13 Ni/WO3(19.5)/ZrO2 1.10 0.75 1.85 

14 Ni/WO3(30)/ZrO2 0.05 0.00 0.05 

Conditions:40 mg material, 750 °C, and 100 mL/min flow rate. The redox cycle of 1% CH4/He (5 min) and 
1% CO2/He (5 min) was repeated five times. [a] Average values of the second, third, and fourth cycles are 
used. 

 

 Ni (0.5 wt%) was loaded with WO3 (10.0 wt%)-loaded metal oxides (Al2O3, SiO2, MgO, 

or TiO2) to prepare the Ni/WO3(10)/Al2O3, Ni/WO3(10)/SiO2, Ni/WO3(10)/MgO, and 

Ni/WO3(10)/TiO2 materials. Al2O3, SiO2, and MgO were ineffective supports (Table 1, entries 

5–7). Ni/WO3(10)/TiO2 showed moderate activity in CL-DRM; however, the amount of CO 

formed (1.16 mmol/g, Table 1, entry 8) was lower than that formed for Ni/WO3(10)/ZrO2 (3.20 

mmol/g, Table 1, entry 3). Instead of Ni, base metals (Fe, Co, and Cu) were loaded on 

WO3(10)/ZrO2, and their activities were compared with Ni/WO3(10)/ZrO2. The total amount of 

CO formed for Co/WO3(10)/ZrO2 (Table 1, entry 10) was lower than that formed for 

Ni/WO3(10)/ZrO2. Modification with Fe or Cu (Table 1, entries 9 and 11) did not significantly 

improve the CL-DRM activity of WO3(10)/ZrO2. These results indicate that the combination 

of Ni, WO3, and ZrO2 is ideal for the CL-DRM.  

In addition, the WO3 loading amount (6.2–30.0 wt%) on Ni/WO3/ZrO2 was screened 

(Table 1, entries 3 and 12–14). The total amount of CO produced increased with WO3 loading 

up to 10.0 wt%. Further increase in loading amount to 19.5 wt% decreased the total amount 

of CO produced to 1.85 mmol/g (Table 1, entry 13). The CL-DRM reaction barely proceeded 

for a WO3 loading amount of 30.0 wt%, producing less CO (Table 1, entry 14). Based on 
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these results, 10.0 wt% of WO3 was the optimal loading amount over the Ni/WO3/ZrO2 for an 

efficient CL-DRM reaction. The total amount of CO produced (Figure 2, green symbols) 

shows a volcano-type dependence on WO3 loading, and the material with 10.0 wt% WO3 

shows the largest value. The molar ratio of the CO generated during CH4 flow on WO3 in 

Ni/WO3/ZrO2 (denoted as COCH4/WO3) was also determined (Figure 2, red symbols). The 

COCH4/WO3 values for materials with 6.2 and 10.0 wt% of WO3 are 2.64 and 2.70, respectively, 

where the amount of W involved in redox reaction was estimated as approximately 90%. The 

molar amount of loaded WO3 was about 5 times higher than that of loaded Ni in 

Ni/WO3(10)/ZrO2. Almost all of tungstate species are involved the CL-DRM despite the 

relatively low loading amount of Ni, implying that the tungstate species far from Ni species 

also cooperatively work. Above 10.0 wt%, COCH4/WO3 monotonically decreased with WO3 

loading, implying that the unreactive WO3 species increased with WO3 loading above 10.0 

wt%.  

 

Figure 2. Relationship between WO3 loading amount and the total amount of CO produced. The total 
amount of CO formed (green) and the CO generated during CH4 flow on WO3 in Ni/WO3/ZrO2 (red) used 
in CL-DRM (COCH4/WO3) are shown. The amount of CO produced is the average of second, third, and 
fourth cycle values. 
 

In the literature, on the acid catalysis of WO3/ZrO2
36, the effect of WO3 loading on the 

catalytic activity has been discussed in terms of the surface W density. It is evident that three 

dimensional clusters and/or domains are dominant tungstate species on intermediate W 

density (4–8 W atoms/nm2) catalysts, which show higher catalytic activity. In contrast, highly 

dispersed tungstate species on low W density (0–4 W atoms/nm2) catalysts and surface 

crystalline WO3 on high W density (> 8 W atoms/nm2) catalysts exhibit low catalytic activity 

36. To elucidate the active tungstate species for CL-DRM, the surface W density for a series 
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of Ni-modified WO3/ZrO2 was calculated based on the WO3 loading amount and specific 

surface area (Table 2). All WO3/ZrO2 materials showed a high specific surface area in the 

105–139 m2/g range. The surface areas did not markedly decrease after the Ni loading. The 

WO3 surface density values were 1.4, 1.9, 3.7, and 7.0 W atoms/nm2 for materials containing 

6.2, 10.0, 19.5, and 30.0 wt% WO3, respectively. The results indicate that dispersed tungstate 

species, such as isolated monotungstate and/or oligomeric polytungstate species, are 

dominant on Ni/WO3/ZrO2 containing 6.2 or 10.0 wt% WO3, whereas larger tungstate species, 

including three-dimensional clusters and/or domains, are the main W species on 

Ni/WO3(30)/ZrO2. The material with 10.0 wt% WO3 produced the highest amount of CO 

(Figure 2), indicating that dispersed tungstate species are more active than larger tungstate 

species in CL-DRM. The above trend differs for acid catalysis, in which three-dimensional 

tungstate nanoclusters and/or domains are responsible for highly active acid sites. For 

Ni/WO3(19.5)/ZrO2, the WO3 surface density was close to 4.0 W atoms/nm2, which indicates 

that dispersed and larger tungstate species possibly co-existed. The WO3 surface density 

(1.7 W atoms/nm2) for Ni/WO3(10)/Al2O3 was similar to that for Ni/WO3(10)/ZrO2 (2.0 W 

atoms/nm2). The amount of CO produced in the case of Ni/WO3(10)/Al2O3 was less compared 

to that in the case of Ni/WO3(10)/ZrO2 (Table 1), indicating that the activity of surface 

monotungstate species depends on the support material. 

 

Table 2. Specific surface area of the materials and the corresponding WO3 surface densities 

Material 
Specific surface areaa 
[m2/g] 

WO3 surface densityb 
[W atoms/nm2] 

WO3(6.2)/ZrO2 115  1.4  

WO3(10)/ZrO2 135  1.9  

WO3(19.5)/ZrO2 146  3.5  

WO3(30)/ZrO2 112  7.0  

WO3(10)/Al2O3 148  1.8  

Ni/WO3(6.2)/ZrO2 105  1.5  

Ni/WO3(10)/ZrO2 127  2.0  

Ni/WO3(19.5)/ZrO2 139  3.7  

Ni/WO3(30)/ZrO2 121  6.4  

Ni/WO3(10)/Al2O3 157 1.7  
aSpecific surface area was determined by N2 adsorption measurements. bWO3 surface density was 
estimated from its specific surface area. 

 

XRD analysis of WO3/ZrO2 with different WO3 loading amounts was performed to 

examine the presence of crystalline WO3 (Figure 3). For WO3(30)/ZrO2, small peaks 
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assignable to crystalline WO3 (2θ = 23°–25°) were detected, along with strong peaks 

attributed to tetragonal ZrO2. In contrast, materials with lower WO3 loading amounts showed 

diffraction peaks for tetragonal and hexagonal ZrO2, whereas no diffraction peaks were 

observed for WO3, indicating the absence of crystalline WO3 in these materials. In the context 

of ZrO2 phase, the WO3 loading induced the structural change of ZrO2 from monoclinic phase 

to tetragonal one because the addition of tungstate specie stabilizes metastable tetragonal 

phase36. To investigate the effect of crystal phase of ZrO2, the Ni/WO3(10)/ZrO2 having mainly 

monoclinic phase was prepared and then applied to CL-DRM reaction (data not shown). 

Although the CO formation amount slightly decreased (data not shown), the effluent 

concentration profiles were similar to those obtained using the original one (data not shown), 

suggesting that different crystal phase did not significantly affect the CL-DRM. The Figure 4 

shows the Raman spectra of WO3/ZrO2 with WO3 loadings of 6.2, 10.0, and 19.5 wt%. The 

bands below 700 cm−1 are attributed to ZrO2. The Raman band attributed to crystalline WO3 

(820 cm-1) was absent in all materials, which is consistent with the XRD results. The peak at 

approximately 900–1000 cm-1 was attributed to the W=O vibration of isolated monotungstate 

or oligomeric polytungstate species on the ZrO2 surface. This peak shifted to higher 

wavenumbers (from 920 to 970 cm-1) as the WO3 loading amount increased. A similar peak 

shift was reported in a previous study by Wachs et al., and the peak shift was due to the 

transformation of surface monotungstate to polytungstate species59. The peaks specified for 

monoclinic for monoclinic ZrO2 were observed at 306, 345, 378, 534, 554, and 614 cm−1, 

while the peak at 329 cm-1 was attributed at tetragonal ZrO2. The peaks at 473 and 634 cm−1 

were assignable to both monoclinic and tetragonal ZrO2
60–63. These observations showed the 

presence of both phase, which is consistent with the results of XRD. 

Based on the above results, the effect of the WO3 surface density on the total amount 

of CO produced in CL-DRM (Figure 5) can be explained as follows: isolated monotungstate 

or oligomeric polytungstate species on low-W density materials are responsible for CL-DRM 

activity in the co-presence of Ni species. The inert nature of the materials loaded with the 

highest amount of WO3 indicates that crystalline WO3 is inactive. 

Detailed characterization of the optimum Ni/WO3(10)/ZrO2 material was conducted. 

The XRD patterns of WO3(10)/ZrO2 and Ni/WO3(10)/ZrO2 were similar, and crystalline Ni or 

NiO peak was not observed for Ni/WO3(10)/ZrO2 (Figure 6). STEM and EDX analyses 

revealed that Ni and W species were highly dispersed on ZrO2 (Figure 7). These results 

indicate that dispersed monotungstate and Ni species co-exist on the surface of the ZrO2 

support before the reaction. We performed the NH3-TPD measurement for Ni/WO3(10)/ZrO2 
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to assess the surface acid sites. The TPD profile showed the desorption peak centered at 

around 400 °C (data not shown). The similar desorption peak was observed in NH3-TPD 

measurement for WO3/ZrO2 regardless of different WO3 loading amount and 

presence/absence of metal modifier41. 

 

 

 

Figure 3. XRD patterns for (a) WO3, (b) ZrO2, (c) WO3(6.2)/ZrO2, (d) WO3(10)/ZrO2, (e) WO3(19.5)/ZrO2, 
and (f) WO3(30)/ZrO2 

 

 

Figure 4. Raman spectra of WO3(6.2)/ZrO2, WO3(10)/ZrO2, and WO3(19.5)/ZrO2 
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Figure 5. Relationship between the total amount of CO produced (first cycle) in CL-DRM and WO3 surface 
density. 
 

 

Figure 6. Relationship between the total amount of CO produced (first cycle) in CL-DRM and WO3 surface 
density. 
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Figure 7. STEM image and elemental mapping obtained via EDX spectroscopy for Ni/WO3(10)/ZrO2. 

 
5.3.2 Redox property of dispersed tungstate species in Ni/WO3(10)/ZrO2 
 The above results demonstrate that dispersed tungstate species play a key role in CL-

DRM over Ni/WO3(10)/ZrO2. To gain insight into the role of tungstate species, CH4-TPSR and 

CO2-TPSR were successively performed for Ni/WO3(10)/ZrO2. For the CH4-TPSR, the 

prepared materials were used without any pre-treatment. For the CO2-TPSR, the samples 

used in the CH4-TPSR were cooled down to room temperature under He flow and used for 

the measurement without exposure to air. During the CH4-TPSR (Figure 8a), CH4 was 

consumed, and CO and H2 were formed above 650 C. The first reduction peak was observed 

at 660 C, and the second reduction peak was observed above 690 C. The temperatures for 

CH4 consumption and CO and H2 formation were nearly the same for the first reduction peak 

indicating that tungstate species oxidized CH4 to yield CO and H2 at 660 C. In the case of 

the second peak, the CO formation peak was lower than that of the CH4 consumption peak 

indicating partial conversion of the CH4 to coke. After performing the CH4-TPSR, the 

Ni/WO3(10)/ZrO2 sample was cooled under He and then used for the CO2-TPSR experiment. 

As shown in Figure 8b, CO formation co-occurred with CO2 consumption at around 550–700 

C, demonstrating that CO2 oxidized the CH4-reduced Ni/WO3(10)/ZrO2 to yield CO. In CH4-

TPSR, the amount of CH4 consumption and CO formation was determined as 1.91 mmol/g 

and 1.28 mmol/g, respectively, while CO2 was hardly detected, resulting in 0.63 mmol/g of 

coke accumulation. In CO2-TPSR, the CO formation amount (2.15 mmol/g) was larger than 

the CO2 consumption amount (1.60 mmol/g) by 0.55 mmol/g, which is similar to the coke 

formation amount, indicating the occurrence of the Boudouard reaction. WO3(10)/ZrO2 and 

Ni/WO3(30)/ZrO2 were used for CH4-TPSR and CO2-TPSR control experiments. However, 
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the reduction and oxidation peaks were not observed. These results indicate that surface 

monotungstate species are reduced through POM in the presence of Ni species and 

subsequently reoxidized by CO2. The occurrence of CH4 decomposition over interface over 

Ni and WO3/ZrO2 was also reported by Kumar et al61. 

 XPS experiments were performed to identify the changes in the oxidation state of W 

in Ni/WO3(10)/ZrO2 after the CL-DRM cycles (Figure 9). The material after CH4 treatment and 

subsequent CO2 treatment at 750 °C was transferred to an XPS chamber without exposure 

to air. The XPS spectrum of the W 4f region for Ni/WO3(10)/ZrO2 exhibited 4f5/2 and 4f7/2 peaks 

at 39.3 and 37.4 eV, respectively, which were assigned to W6+. After the CH4 treatment, the 

W 4f peaks significantly shifted to lower binding energies and overlapped with the Zr4+ peak 

at 32.8 eV, which indicates the reduction of W6+ species. The overlapped peaks around 41.0–

29.0 eV were deconvoluted into the following 5 pairs: W6+ (37.3 and 35.3 eV), W5+ (36.0 and 

34.0 eV), W4+ (34.7 and 32.7 eV), W0 to W3+ (33.2 and 31.2 eV), and Zr4+ (37.7 and 35.3 eV) 

64. The peak due to W0 to W3+ was the largest, which indicates that low-valent W species (W0 

to W3+) were mainly formed after the CH4 treatment. Following the reaction of CH4-treated 

Ni/WO3(10)/ZrO2 with CO2, the W6+ species were regenerated. The XPS spectrum for W6+ 

species was similar to that obtained before CH4 treatment, confirming the re-oxidation of the 

reduced W species by CO2. Reduction of W in Ni/WO3(10)/Al2O3 by CH4 dominantly afforded 

W5+ species, whereas the reduction of W species in Ni/WO3 was not observed. The reduction 

of the W in Ni/WO3(10)/ZrO2 was also supported by the XPS spectra in the W 4d region (data 

not shown). 

 
Figure 8. (a) CH4-TPSR profiles. Conditions: 40 mg material, 100 mL/min of 1% CH4/He, temperature rise 
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of 20 C/min (from 50 to 750 C). (b) CO2-TPSR profiles. Conditions: 40 mg material, 100 mL/min of 1% 

CO2/He, temperature rise of 20 C/min (from 50 to 750 C). 
 

 
Figure 9. W 4f XPS spectra of Ni/WO3(10)/ZrO2 before reaction, after reduction with CH4, after oxidation 
with CO2, Ni/WO3 and Ni/WO3(10)/Al2O3 after reduction with CH4. Reaction temperature is 750ºC. All 
measurements on the CH4-treated materials were performed without exposure to air. 

 

5.3. In situ/operando XANES study of Ni/WO3(10)/ZrO2 during CL-DRM 
 In situ W L3-edge EXAFS Fourier transform (FT) spectra of Ni/WO3(10)/ZrO2 were 

analyzed to obtain the information of local structure of tungstate species. Note that the 

ubiquitous presence of Hf impurities in ZrO2 limit the extent of EXAFS analysis, and thus the 

discussion of EXAFS spectra of WO3/ZrO2 catalysts is qualitative 65,66. The EXAFS FT 

spectrum of He-treated Ni/WO3(10)/ZrO2 (before CL-DRM reaction) showed the main 

scattering peak at approximately 1.4 Å (uncorrected for phase-shift) with small peaks around 

2.5‒3.5 Å (Figure 12). The former peak is ascribed to W‒O shell similar to the one of WO3 

whereas the latter peaks are assignable to W‒Zr contributions resulting from anchorage of 

tungstate species on ZrO2 support (approximately 2.7 Å) and/or W‒W contributions of edge-

sharing WO6 units unique to polytungstate species (approximately 3.2 Å) 65. Longer-distance 

W‒W contributions of corner-sharing WO6 units unique to bulk WO3 (approximately 3.7 Å) 

were hardly observed. These observations indicated the dispersed tungstate species were 
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dominant and that crystalline WO3 species were scarcely formed even at 750 C. After the 

reaction with CH4, the peak corresponding to W‒O shell disappeared and a new peak 

assignable to other W‒O shell similar to the one of low-valent W oxides (WO2) appeared at 

approximately 1.7 Å. When the CH4-treated sample was successively reacted with CO2, the 

spectrum returned to the one obtained before the reaction and longer-distance W‒W 

contributions of crystalline WO3 were hardly observed, indicating that dispersed tungstate 

species was recovered by the reaction by CO2. 

 In situ W L1-edge XANES measurements were further performed for Ni/WO3(10)/ZrO2. 

Under the He flow at 750 °C, the XANES spectrum showed the absorption edge similar that 

for WO3 and the stronger pre-edge peak compared to that of WO3 (Figure 13). The pre-edge 

peak is assigned to the transition from 2s to d-p orbitals, and its intensity increases with 

decrease of the symmetry of tungstate species39,43,67. Tetrahedral W units show large pre-

edge peaks intensity while octahedral W units exhibit small one. Moderate pre-edge peaks 

are observed for distorted octahedral W units. The larger pre-edge peak for Ni/WO3(10)/ZrO2 

indicates that less symmetric W units exist over for Ni/WO3(10)/ZrO2 compared to WO3. In 

the XANES spectrum after the re-oxidation with CO2, both the absorption edge and pre-edge 

were almost same as those before the reaction with CH4, supporting that the original 

tungstate species were recovered. Regarding the oxidation state after the reaction with CH4, 

the absorption edge shifted toward lower energy value where the energy at normalized 

adsorption of 0.5 was present between WO2 (W4+) and W foil (W0), which also showed the 

formation of low-valent W species, consisting with the observation in XPS and W L3-edge 

XAS measurements. 

 In situ Ni K-edge XANES measurements were performed to investigate the state of 

the Ni species during CL-DRM (Figure 14). During CH4 flow, the absorption edge for 

Ni/WO3(10)/ZrO2 and Ni/WO3(30)/ZrO2 shifted to lower energies (Figures 14a and 14b). 

When the gas was changed from CH4 to CO2, the absorption edge returned to a higher value. 

In contrast, the XANES spectra for Ni/WO3(10)/Al2O3 and Ni/WO3 remained unchanged 

under CH4 flow (Figures 14c and 14d). In situ Zr K-edge XANES measurements were 

performed for Ni/WO3(10)/ZrO2 and WO3(10)/ZrO2 during the CL-DRM (Figure 15). For both 

materials, the edge positions did not change markedly by treatments with CH4 and CO2. 

Summarizing the results of operando/in situ W L3-/L1-, Ni K-, and Zr K-edge XANES and other 

spectroscopic results, it is concluded that the CL-DRM occurs because of the redox reaction 

of tungstate species in Ni/WO3(10)/ZrO2 and the dispersed tungstate species on ZrO2 are 
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specifically reduced under CH4 flow in the co-presence of Ni species.  

 

 
Figure 10. W L3-edge in situ XANES spectra of (a) Ni/WO3(10)/ZrO2, (b) Ni/WO3(30)/ZrO2, (c) 

Ni/WO3(10)/Al2O3, and (d) Ni/WO3 at 750 C before and after the successive flow of 1% CH4/He (10 min) 
and then 1% CO2/He (10 min). 
 

 
Figure 11. Operando W-L3 edge XANES results for Ni/WO3(10)/ZrO2 at 750 C under flowing of 1% 
CH4/He or 1% CO2/He (100 mL/min). MS signals for (a) H2 and (b) CO, and (c) energy at the normalized 
adsorption of 1.0 in XANES spectra (E1.0). The flowing gas was successively changed from CH4 (10 min) 
to CO2 (9.5 min), and then CH4/CO2 cycles were repeated every 5 min. 
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Figure 12. In situ W L3-edge EXAFS FT spectra of Ni/WO3(10)/ZrO2 at 750 C before and after successive 
flow of 1% CH4/He (10 min) and then 1% CO2/He (10 min). 
 

 
Figure 13. W L1-edge in situ XANES spectra of Ni/WO3(10)/ZrO2 before and after the successive flow of 
1% CH4/He (10 min) and then 1% CO2/He (10 min). For clarity, enlarged spectra are presented in the right 
panel. 
 

 
Figure 14. Ni K-edge in situ XANES spectra of (a) Ni/WO3(10)/ZrO2, (b) Ni/WO3(30)/ZrO2, (c) 

Ni/WO3(10)/Al2O3, and (d) Ni/WO3 at 750 C before and after the successive flow of 1% CH4/He (10 min) 
and 1% CO2/He (10 min). 
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Figure 15. Zr K-edge in situ XANES spectra of (a) Ni/WO3(10)/ZrO2, and (b) WO3(10)/ZrO2 at 750 C 
before and after the successive flow of 1% CH4/He (10 min) and 1% CO2/He (10 min). 
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5.3.4 Cooperative work of dispersed tungstate species and Ni on ZrO2 in CL-DRM 
 Based on the results obtained in CL-DRM tests and characterizations, dispersed 

tungstate species on ZrO2 serve as active oxygen storage sites in CL-DRM and work 

cooperatively with Ni species to promote POM to form CO and H2. In this paragraph, the 

details of cooperative work including possible roles of Ni and ZrO2 are discussed. To compare 

the reactivity for CH4 between tungstate and Ni species, the CH4-TPSR experiments were 

performed using Ni/ZrO2 and WO3(10)/ZrO2 with elevating the temperature to 900 C (Figure 

17). Although a very small amount of CH4 consumption was observed around 650 C, CH4 

was largely consumed above 800 C in the TPSR profile for Ni/ZrO2. In higher temperature 

region, H2 was concomitantly formed with CH4 consumption but CO formation was hardly 

observed. When WO3(10)/ZrO2 was used, CO and H2 were gradually generated with the CH4 

consumption above 750 C. These results showed that dispersed tungstate species are main 

active sites for POM rather than Ni species. In the screening of metal oxide supports, 

reducible metal oxides (ZrO2 and TiO2) are effective supports whereas non-reducible ones 

(Al2O3, SiO2, and MgO) were inactive (Table 1), showing that metal oxide supports also play 

a key role in CL-DRM. A possible role of ZrO2 is the promotion of POM to CO and H2 via 

reverse hydrogen spillover mechanism 19,68. To examine the hydrogen spillover 

characteristics of ZrO2 in this reaction system, a physical mixture of Ni/ZrO2 and 

WO3(10)/ZrO2 was used for CH4-TPSR and CL-DRM. In the TPSR, CH4 consumption and 

CO/H2 formation peaks were observed above 700 C where the profiles were similar to those 

for Ni/WO3(10)/ZrO2 (Figure 17). In the CL-DRM, the substantial amount of CO was formed 

(1.12 mmol/g) using the physical mixture whereas the use of Ni/ZrO2 or WO3(10)/ZrO2 

independently yielded the very small amount of CO (0.19 and 0.14 mmol/g, respectively, 

Table 1). These control experiments using the physical mixture suggest that the hydrogen 

species that generated by POM are transferred from the surface of WO3(10)/ZrO2 to the one 

of Ni/ZrO2 69. From the above results, a cooperative work of dispersed tungstate species and 

Ni over ZrO2 in POM can be explained below, dispersed tungstate species serve as main 

active sites to promote the oxidation of CH4, giving CO and surface hydrogen species. The 

generated hydrogen species spills over onto ZrO2 surface to migrate to Ni species where the 

recombination of hydrogen species and successive desorption of H2 occur 19. Possible key 

roles of ZrO2 and supported Ni species are the promotion of POM via reverse hydrogen 

spillover mechanism and the recombination of hydrogen species, respectively, which enable 

almost all of the dispersed tungstate species to be involved into CL-DRM as active oxygen 

storage sites. In the context of CO2 reduction step, the reduced W species were re-oxidized 
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with concomitant formation of CO, as revealed by operando W L3-edge XAS measurement. 

Even though metallic Ni species was also re-oxidized, the loading amount was quite low, 

which made the involvement of Ni as reduction sites negligible. The previous ZrO2 or Al2O3-

supported WO3 materials for CL-type POM were prepared with high WO3 loading amount 

(30–50 wt%), resulting in the formation of crystalline WO3 phase detectable by XRD. Their 

application for CL-type POM and redox reactions were thus limited to high reaction 

temperature conditions (900–1000 ºC)52–54. The present study demonstrated the lower 

temperature CL-type POM (750 °C) using WO3-based materials by (1) controlling dispersion 

of surface tungstate species (active oxygen storage sites), (2) utilizing reducible ZrO2 

supports (reverse hydrogen spillover), and (3) modifying with Ni (recombination sites of 

surface hydrogen species). 

 
Figure 17. CH4-TPSR profiles for Ni/WO3(10)/ZrO2, Ni/ZrO2, WO3(10)/ZrO2, and a physical mixture of 
Ni/ZrO2 and WO3(10)/ZrO2. Conditions: 40 mg material, 100 mL/min of 1% CH4/He, temperature rise of 
20 °C/min (from 50 to 750 or 900 °C). 
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5.3.5 Long-term CL-DRM over Ni/WO3(10)/ZrO2 

 Recently, Goula et al. studied the conventional (steady-state) DRM reaction at 750 C 

using ZrO2 materials loaded with Ni and WO3 and reported that the conversion of CH4 and 

CO2 decreased with increasing reaction time70. In this study, we performed a long-term CL-

DRM reaction using Ni/WO3(10)/ZrO2 under a cyclic feed of 1% CH4/He (2 min) and 1% 

CO2/He (2 min) for 750 cycles. Long-term CL-DRM was performed for 50 h, whereas the 

accumulated time for CH4 and CO2 flows was 25 h. The reaction time is discussed in terms 

of the accumulated time for comparison with steady-state CL-DRM. The conversion values 

were calculated based on the concentration of the residual CH4 and CO2 in the effluent gas 

(for details of the calculation, refer to SI). The initial conversion values (circles in Figure 17) 

were approximately 51% and 50% for CH4 and CO2, respectively. After the initial decrease in 

conversion (from 50% to approximately 40% after 6 h), the conversion values remained 

unchanged for the next 18 h. The average concentration of generated CO in a single cycle 

was approximately 6000 ppm. The total cycle number in the present CL-DRM over 

Ni/WO3/ZrO2 is the highest among the previously reported CL-DRM systems (Table S2)15–31. 

In another conventional DRM experiment performed at 750 C, 1% CH4/1% CO2/He 

continuously flowed over Ni/WO3(10)/ZrO2. Initially, more than 99% of CH4 and CO2 were 

converted in conventional DRM (squares in Figure 17); however, the conversions 

monotonically decreased with time. After 18 h, the conversion was below 20%. A monotonic 

decrease in the amount of CO formed was also observed (data not shown). The total CO 

formation amount in CL-DRM was calculated as 1.84 mol/g, which was higher than that in 

the steady-state DRM (0.79 mol/g).  

The characterization of the spent Ni/WO3(10)/ZrO2 used in CL-DRM was conducted 

using XRD, N2 adsorption, Raman spectroscopy, STEM and EDX. The XRD pattern did not 

contain any diffraction peak derived from bulk WO3 or Ni species and showed the diffraction 

pattern of ZrO2 similar to the one in fresh Ni/WO3(10)/ZrO2 (data not shown). The good 

specific surface area value was maintained (115 m2/g), resulting in the low surface W density 

value (2.0 to 2.3 atoms/nm2) even after the reaction (Table S3) while the peak shift of W=O 

ascribed to conversion of monotungstate species to polytungstate species was observed 

(data not shown). Although the small structural change was indicated, their aggregation into 

crystalline WO3 species unlikely occurred during CL-DRM cycle. In STEM and EDX 

observations, the tungstate species maintained their dispersed state on ZrO2 whereas 

nanosized Ni species were observed (data not shown), indicating that dispersed Ni species 

were aggregated during the reaction. Because hydrogen species generated around tungstate 
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species from CH4 possibly spill over onto ZrO2 surfaces, as discussed above, almost all of 

tungstate species are involved into CL-DRM even a large amount of tungstate specie are not 

close to nanosized Ni species. Temperature programmed oxidation (TPO) measurements 

were also performed for the Ni/WO3(10)/ZrO2 after long-term CL-DRM and steady-state DRM 

(data not shown). The TPO profiles showed that the relative formation amount of CO and 

CO2 were higher for the sample after CL-DRM than the one after steady-state DRM. The N2 

adsorption measurement of the spent Ni/WO3(10)/ZrO2 after conventional DRM revealed that 

the specific surface area significant decreased (Table S3), which might be a possible reason 

of the loss of activity in conventional DRM. 

Furthermore, the CL-DRM under higher concentration conditions (30% CH4 and CO2) was 

carried out using a higher amount of Ni/WO3(10)/ZrO2. Under a cyclic feed of 30% CH4/He (2 

min) and 30% CO2/He (2 min) for 75 cycles, the conversion values of CH4 and CO2 

monotonically decreased from approximately 80% to 40% for 5 h (data not shown). When the 

feed time of 30% CH4/He was extended to 3 min, the decrease of CH4 and CO2 conversion 

values suppressed and were leveled off within 25 cycles (almost 2 h) where approximately 

70% and 40% conversion were maintained for CH4 and CO2, respectively (Figure 18). The 

high CO selectivity (> 97%) and good H2/CO ratio in POM step (approximately 2, after 25 

cycles) were also obtained (data not shown). The CL-DRM in previously reported studies 

were performed under relatively low concentration conditions (Table S2). The developed 

Ni/WO3(10)/ZrO2 has potential to be applied to high-concentration CL-DRM reactions.  

 
Figure 16. Time on stream of CH4 conversion and CO2 conversion in CL-DRM and conventional DRM 
using Ni/WO3/ZrO2 (40 mg) at 750 °C. For CL-DRM, 1% CH4 (2 min)/1% CO2 (2 min) cycle was repeated 
750 times for 50 h. For DRM, 1% CH4/1% CO2 continuously flowed over the material for 25 h. 
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Figure 17. Time on stream of CH4 conversion, CO2 conversion, and CO selectivity in CL-DRM under high-
concentration conditions. Reactions conditions: 2.5 g of Ni/WO3(10)/ZrO2. 750 °C, 50 mL/min flow rate. 
The GHSV value was approximately 1000 h-1. 30% CH4 (2 min)/30% CO2 (3 min) cycle was repeated 180 
cycles for 12 h. 
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5.4 Conclusions 
 In this study, we developed Ni/WO3/ZrO2 as an effective material for CL-DRM under 

isothermal conditions (750 °C). The performance of Ni/WO3/ZrO2 strongly depended on the 

WO3 loading amount, and 10.0 wt% was the optimal WO3 loading amount (Ni/WO3(10)/ZrO2). 

The combination of ZrO2 and Ni was found to be ideal for CL-DRM. The Ni/WO3(10)/ZrO2 

material exhibited good durability in long-term CL-DRM reactions and were applicable to 

high-concentration CL-DRM. Comprehensive characterization of a series of WO3-loaded 

materials with different WO3 loadings (6.2, 10.0, 19.5, and 30.0 wt%) and supports (ZrO2 and 

Al2O3) showed that surface dispersed tungstate species on ZrO2 function as active oxygen 

storage sites while dispersed tungstate species on Al2O3 or crystalline WO3 species on ZrO2 

are inert even with Ni modification, demonstrating that low-loading WO3/ZrO2 materials 

uniquely serve as oxygen storage sites with Ni modification. ZrO2 and Ni play key roles to 

promote CL-type POM step by reverse hydrogen spillover and re-combination of hydrogen 

species. The cooperative work of dispersed tungstate species with active metal for hydrogen 

recombination would be useful for catalyst design for oxidative upgrading of light alkanes 

including CH4. XPS and operando/in situ XAS studies showed that the redox reaction of 

dispersed tungstate species between W6+ and W0‒3+ contributes to CL-DRM and that the 

dispersed state was maintained during the redox reaction. 
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General conclusion 
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 In this thesis, the author described the studies on the unsteady–state catalytic systems 

for direct CO2 capture and reduction. General conclusions are summarized as follows. 

 In Chapter 1, unsteady–state catalytic systems for direct CO2 capture and reduction. 

 In Chapter 2, I successfully developed Pt-Na/Al2O3 as an effective DFM for selective 

CO formation through CCR at a mild reaction temperature (350 °C). Among the basic 

promoters tested, Na was the best for CO formation, whereas Mg resulted in the lowest CO 

selectivity. Notably, the optimized Pt-Na/Al2O3 was applicable for continuous CCR operation, 

where CO2 capture capacity and CO productivity were maintained for at least 100 h. We also 

conducted a comprehensive characterization of Pt, Pt-Na, and Pt-Mg/Al2O3 using 

microscopic (STEM and EDX) and spectroscopic (XRD, XAS, XPS, and FTIR) techniques. 

The Na-modified Pt NPs were formed in Pt-Na/Al2O3, whereas the Mg species remained in a 

highly dispersed state on Al2O3 in Pt-Mg/Al2O3. The electronic states of the Pt NPs were 

slightly affected by basic promoters regardless of whether or not modified structures had 

formed. We also conducted in situ FTIR measurements during CCR, where the adsorbed CO 

species were hardly observed over Pt-Na/Al2O3. The Na 

species on Pt NPs not only served as CO2 absorption sites but also suppressed the 

adsorption of generated CO, leading to high selectivity for CO. These results reveal the effect 

of basic promoters on the surface structures of metal NPs and product selectivity, 

demonstrating the importance of the choice and loading of basic promoters during the 

development of DFMs for CCR. Unfortunately, CO productivity of the present DFM system 

decreased in the presence of steam, although high CO selectivity was retained. Several 

important challenges, including inhibition by steam and application for higher CO2 

concentration, still remain in CCR over DFMs. 

 In Chapter 3, Herein, I revealed the mechanism of the CCR of CH4 over Ni-Ca based 

DFMs using various in situ and operando spectroscopic studies. Under O2-free conditions, 

only a small part of the Ni0 species was oxidized by CO2 during the CO2 storage step, 

whereas a part of the bulk CaO reacted with CO2 to yield bulk CaCO3 layers 

on CaO. In the subsequent H2-reduction step, the bulk CaCO3 was reduced by H2 to yield 

CaO and gas-phase products (CH4 and H2O). In the presence of O2 during the CO2 capture 

step, the Ni0 species underwent complete oxidation by O2 to yield NiO, followed by CO2 

capture via the interaction between the CaO surface and CO2 to yield CaCO3 layers on the 

CaO particles. When the gas flow was switched to H2, NiO was partially reduced by H2 to 

provide Ni0 sites, which served as active sites for the H2-reduction of adjacent CaCO3 layers 

to yield CaO and gas-phase products, CH4 and H2O. 
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 In Chapter 4, I developed a new method for the continuous production of O2-free CO2, 

CH4, and CO from the atmosphere and a simulated exhaust gas (CO2/O2/He mixture). The 

developed process is suitable for continuous operation over a low-temperature swing of 40–

200 °C on a Rb-beta sorbent combined with a methanation system at 300 C and a RWGS 

system (for syngas synthesis) at 650 C. The results of this study revealed that the developed 

process is almost twice as effective as CCR for CO2 capture and hydrogenation. We also 

provided evidence that the energy efficiency of the tandem methanation process based on 

the overall energy input and output is comparatively high because of the low power input 

required to operate the system and the high CH4 production. This approach is promising for 

CO2 utilization via direct air and post-combustion gas capture and conversion to green fuels. 

In the future, we expect that our flexible process, in combination with efficient catalysts, will 

contribute to a carbon-neutral society. 

 In Chapter 5, I successfully developed Ni/WO3/ZrO2 as an effective material for CL-

DRM under isothermal conditions (750 °C). The performance of Ni/WO3/ZrO2 strongly 

depended on the WO3 loading amount, and 10.0 wt% was the optimal WO3 loading amount 

(Ni/WO3(10)/ZrO2). The combination of ZrO2 and Ni was found to be ideal for CL-DRM. The 

Ni/WO3(10)/ZrO2 material exhibited good durability in longterm CL-DRM reactions and was 

applicable to high-concentration CL-DRM. Comprehensive characterization of a series of 

WO3-loaded materials with different WO3 loadings (6.2, 10.0, 19.5, and 30.0 wt%) and 

supports (ZrO2 and Al2O3) showed that surface dispersed tungstate species on ZrO2 function 

as active oxygen storage sites while dispersed tungstate species on Al2O3 or crystalline WO3 

species on ZrO2 are inert even with Ni modification, demonstrating that low-loading WO3/ZrO2 

materials uniquely serve as oxygen storage sites with Ni modification. ZrO2 and Ni play key 

roles to promote the CL-type POM step by reverse hydrogen spillover and recombination of 

hydrogen species. The cooperative work of dispersed tungstate species with active metal for 

hydrogen recombination would be useful for catalyst design for oxidative upgrading of light 

alkanes including CH4. XPS and operando/in situ XAS studies showed that the redox reaction 

of dispersed tungstate species between W6+ and W0-3+ contributes to CL-DRM and that the 

dispersed state was maintained during the redox reaction. 

Throughout all the studies, this thesis highlights the significance of designing 

advanced catalytic systems for efficient CO2 capture and utilization, based on mechanism 

suggested by operando spectroscopies. The findings demonstrate the crucial role of 

promoters, supports, and active site interactions in determining the performance of catalytic 
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systems under various operating conditions. Key achievements include the development of 

novel DFMs for selective CO and CH4 production, the elucidation of mechanisms behind 

unsteady-state CO2 hydrogenation, and the innovative application of chemical looping 

techniques for reforming and oxidation processes. These insights not only contribute to the 

fundamental understanding of unsteady-state catalysis but also provide practical solutions 

for advancing carbon-neutral technologies. By leveraging these results, the thesis 

underscores the potential of heterogeneous catalysis to address global challenges in 

sustainable energy and environmental management. 
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