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Abstract 

CO2 is the major greenhouse gas in the atmosphere and it is no doubt that further CO2 

emissions affect global warming. Carbon capture and utilization is a promising way to 

reduce CO2 emissions, while the CO2 reactions via electrochemical, photosynthetic, and 

catalytic processes to generate materials required more energy and cost than to produce 

them. Thermal CO2 conversion has the potential to minimize energy consumption; 

however, thermally converting CO2 to CO using ceramics requires temperatures above 

953 K. High-performance catalysts are thus desired to transform CO2 into value-added 

products at lower temperatures. We demonstrate thermally converted CO2 to solid carbon 

materials with graphene and nanodiamond structures using perovskite-type titanium 

nanocrystals at 700 K. The reaction yields ranged 0.1%–0.5% g−1 and depended on 

particle size. These yields were considerably higher than those achieved with other 

catalysts above 953 K (<0.4% g−1). The catalysts exhibited excellent durability during 

continuous CO2 conversion to solid carbon. The solid carbon products were confirmed to 

be the products of reduction. Chemisorbed CO2 on nanocrystal catalysts was converted 

to graphene and nanodiamond with dimensions of less than 15 and 10 nm, respectively. 
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Introduction 

Global warming 

Intergovernmental Panel on Climate Change (IPCC) is claiming the importance of limiting global 

warming to 1.5 ℃ above pre-industrial levels by “1.5 ℃ special report”. Human beings have raised 

the temperature to 1.0 ℃ of the earth since 1750s. IPCC predicts that the temperature rising will reach 

to 1.5 ℃ by 2040 if nothing of any counterplan. In addition, the temperature rising will reach to 2.0 ℃ 

by 2060-2070 (Figure 1)1. The impacts of climate change at 1.5 ℃ and 2.0 ℃ and beyond are 

summarized in Table 1. The difference between 1.5 ℃ and 2.0 ℃ scenario is tremendous, thus we 

must struggle to these environmental problems.  

To avoid that crisis, the representative greenhouse gas such as CO2 should be reduced, and a 

great deal of effort have been done to limit the climate change by many researchers. 

 

Reduction of CO2 emission is current urgent issue, and CO2 fixation technique has been developed 

in addition to energy saving, fuel conversion and utilization of new energy resource. Main three ways 

in CO2 fixation are shown in Figure 2. In order to reduce CO2 emissions, Carbon Capture and storage 

(CCS) techniques has been developed. CCS is used in plant and CCS is the techniques which captures 

CO2 in atmosphere and storages into underground or deep saline aquifer2. Recent CCS techniques 

shows larger CO2 capture capacity, for example, The Tomakomai CCS Demonstration Project presses 

CO2 into the near-shore deep geologic formations with the capacity of 0.1 Mtpa. The Petra Nova 

Carbon Capture Project in Texas started in 2017 and it is the world largest CO2 capturing project with 

the capacity of 1.4 Mtpa. 

On the other hand, CCS techniques for underground storage has been discussed for decades. 

However, engineering challenges and concerns surrounding possible some risks about CO2 leaks have 

disturbed implementation. Then, another promising techniques, Carbon Capture and Utilization 

(CCU) techniques have also been developed recently. Once converting CO2 to other chemical non-

volatile species like CH3OH, C2H5OH, HCHO, CH3COOH, storage and transportation become 

effective. These value-added chemical species that can be utilized as fuels themselves or as feedstock 

for industries would play an important role for a sustainable society.  In order to convert CO2 into 

other chemicals, photocatalyst or algae is often selected. Solar-energy-resource conversion techniques 

need abundant energy and large equipment, due to its not so high energy conversion ratio. 

As the CO2 conversion process which does not rely on solar energy, thermal energy resource is 

getting attention. Thermal energy resources are derived from wasted energy from industrial plant. 

Qingqing conducted direct thermolysis of CO2 into CO and O2
3. In this research, CO2 can be 

decomposed CO2 at 1200 ℃ without catalyst. Jin and his co-workers also convert CO2 into methane 

with the process of coal thermolysis. Hocheol and his co-workers realized CO2 conversion into CO at 
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560 ℃ by using magnetite4, 5. In these case, residual surface element carbon could be converted into 

other value-added species for example CH4 through the reaction with H2O or H2 at relative low 

temperature6. 

Especially in transformation of CO2 into value-added materials, because CO2 is highly stable 

molecular, as bonding energy of C=O is 750 kJ mol-1, the large energy is required. Unfortunately, 

sometimes CO2 emission derived from that large-energy production overcomes the reduced CO2 

amount. From the above, low-energy-consuming CO2 fixation catalyst must be created. 

When the mid-low temperature decomposition of CO2 techniques is developed, wasted heat can be 

used and can realize negative CO2 emissions. Decomposition of CO2 techniques must be explored in 

near future.  
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Figure 1. The climate change after industrial revolution. 

Table 1. The differences between 1.5 ℃ and 2.0 ℃ scenario 
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Figure 2. Types of CO2 fixation 
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Fine ceramics 

Fine ceramics are defined as “Products manufactured by precisely controlling the 

chemical composition, fine composition, shape and manufacturing process in order to 

fully express the desired function. Ceramics mainly composed of non-metallic inorganic 

substances” by Japanese industrial standards, generally it is referred to materials that 

have new functions in addition to the functions of conventional ceramics such as 

hardness, nonflammability, and corrosion resistance, and materials that have improved 

functions and are more practical. In current application, electroceramics is the most 

essential field. Electroceramics are a group of ceramics with excellent electrical 

characteristics such as magnetism, pyroelectricity, piezoelectricity, and dielectric 

property, and electronic components that utilize these characteristics are applied to 

many products such as televisions, computers, and sensors. 

Ferroelectric materials show pyroelectricity, piezoelectricity, and dielectric property, 

and are applied to actuators, memories, capacitors, etc., and are industrially important 

materials. Barium titanate is a typical ferroelectric material, and has a perovskite-type 

crystal structure represented by the composition formula ABO3, and is a tetragonal 

crystal in which the charge centers of positive and negative charges do not match at room 

temperature (tetragonal phase)7. BaTiO3 transforms into cubic phase as the size 

decreasing by nano-scale. On the other hand, PbTiO3 maintain tetragonal phase in nano-

scaled size (Figure 3). 

 

 

  

Figure 3. Crystal system of (Ba, Pb, Ca)TiO3 in nano-scale 
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Fine ceramics as CO2 adsorbate and catalyst 

Recently, fine ceramics are applied to CO2 reduction field. Alkali titanates have 

attracted much attention as high-temperature-range CO2 sorbents. Li2TiO3, Na2TiO3 

and K2Ti2O5 and so on are extremely expected as new CO2-capturing materials. Pfeiffer 

and his co-workers reported the CO2 capture on Na2TiO3 as a function of temperature, 

with the highest CO2 sorption capacity of 11.9 wt% at 600 ℃8. One of the reasons why 

these materials can capture a lot of CO2 is that titanium acts as stabilizer. Besides great 

potentials of fine ceramics to CO2 capturing, there are some reports about CO2 catalytic 

conversion into value-added chemical species. Especially, BaTiO3 and its derivatives 

show spontaneous polarization at room temperature. Spontaneous polarization induces 

the excited electron at the surface and maintain it. Due to this long-term life of excited 

electron, catalytic activity increases. Mosha et al. reported relationship between 

ferroelectric polarization and ethanol creation on BaTiO3 thin film using temperature 

programmed desorption (TPD) experiment. On polarized BaTiO3, methanol TPD 

intensity increased compared with unpoled one9. Although above reasons support that 

BaTiO3 and derivatives could become promising catalyst for decomposition of CO2 into 

other value-added chemical species or element carbon with oxygen, conventional BaTiO3 

is micro-scale and its surface area is too small to decompose CO2. Generally speaking, 

the smaller particle size becomes, the larger CO2 decomposition amount should be, 

because nano-scaled particle has larger specific surface area. 

In this set of circumstance, fine ceramics has the great potential to be utilized as CO2 

fixation. In this doctoral dissertation, I aim to create the newly novel CO2 fixation 

catalyst using nanoceramics. 

Catalytic reaction could be divided into three scheme; firstly adsorption of adsorbent 

like CO2, secondary chemical reaction, and finally production of some chemicals. Thus, 

the strategy to create novel catalyst is as below; 

1) Development of CO2-high-affinitve nanoceramics 

2) Evaluation of thermal structural change and reactivity of ceramics 

3) Decomposition of CO2 at lower temperature using nanoceramic catalysts 
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Chapter 1. Development of CO2-high-affinitive 

nanoceramics 

Introduction 

In this chapter, the effectiveness of nanoceramics as a thermocatalyst is verified by CO2 

adsorption measurement because reactant gas adsorption on the catalyst process is the 

first step of catalytic reaction. 

 

Aforementioned CCS and CCU techniques require firstly adsorption CO2. Various 

CO2 capture techniques such as membrane, cryogenic techniques, chemical solvents, and 

solid sorbents have been developed each of which has advantages and limitations1-3. 

Membranes are able to apply for separating mixed gases and have the ability to reach 

more than 80% efficiency but they have problems on operating such as low flux and 

precipitation. The cryogenic technique is a mature strategy and it has been used to 

separate CO2. However, it is only applicable for CO2 concentrations above 90%, and the 

process is very energy-consuming because it is applicable at very low temperatures to 

liquify some gases. About chemical solvents, despite having advantages of high 

efficiency absorption of more than 90%, regeneration by heating or reducing pressure 

needs large energy and the most mature method of absorption of CO2 have limitations 

such as dependence of the absorption capacity on CO2 concentration. In addition, 

degradation of the absorbent due to the requirement of a considerable amount of heat has 

detrimental effects on the environment 4. The advantages of solid adsorbents are process 

reversibility and regenerability. They also have the potential to achieve an adsorption 

efficiency of above 85%. In recent decades, porous material like carbon material, metal 

organic frameworks, zeolites, which have large surface area exhibited great capacity of 

CO2 capture with reversibility. Those porous material captures CO2 by physical 

adsorption.  

 

To enhance the CO2 adsorption capacity, surface modification is effective. amine-

modified silica is also used as an adsorbent that functions based on chemical interaction 

such as chemical adsorption5. Bai et al. modified activated carbon fibers by liquid 

oxidation and resulting in increasing CO2 adsorption capacity6. The improved 

CO2 adsorption capacity was based on semi-ionic interaction between CO2 molecules and 

introduced oxygen functional groups. A polyether amine modified metal organic frameworks 

exhibited 3 times higher CO2 uptake than pristine one at room temperature7. 
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Hydroxyapatite ([Ca10(PO4)6(OH)2]; HAP) is a good candidate for adsorbate of CO2 due 

to its controllable surface acid/base property. The surface of HAP is known that has 

Brønsted acidic sites derived from P-OH groups, Lewis acidic sites derived from Ca2+, 

and basic sites derived from OH- and PO4
3-. Thus, surface acid/base property changes as 

changing Ca/P ratio8, 9. 

 

Ferroelectric ceramics such as BaTiO3 have dipoles that are intrinsic to their bulk 

structure. The dipoles align locally to form domains where the electric field has a specific 

orientation with respect to the crystallographic structure. BaTiO3 exhibits spontaneous 

polarization due to its ferroelectric property. In addition, its surface has strong 

electrostatic interaction with several types of adsorbates, described by Coulomb’s law for 

partial charges. Actually, ferroelectric property is also effective for enhancing CO2 

adsorption capacity as well as surface modification. For example, Yun et al. have shown 

that the interaction energy of 2-propanol with LiNbO3(0 0 0 1) is higher on the c+ surface 

relative to the c− surface10. Zhao and coworkers reported that the reactive sticking 

coefficient for methanol and CO2 on BaTiO3 (001) and BaTiO3 thin film is higher on the 

c− surface relative to the c+ surface11. From first-principle calculations, both H2O and 

CO2 were easy to be stabilized on nanoscale BaTiO3
12.  Thus, BaTiO3 has been focused 

on greatlyas not only electronic devices but also adsorbents. 

 

In this chapter, we conducted CO2 adsorption measurements by both ceramics of BaTiO3 

and hydroxyapatite (HAP) through downsizing particle size and control surface acid/base 

property, and evaluated those affinity to CO2. 
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Material and method 

Synthesis and CO2 adsorption of BaTiO3 

Macro-, meso-, and nano-BaTiO3 were prepared by solid-state, solvothermal, and 

solvothermal with carbon template reactions, respectively. Macro-BaTiO3 was 

synthesized using the reagents, as rutile TiO2 (>99%, Wako Pure Chemical Industries, 

Co. Ltd.) and BaCO3 (>98%, Wako Pure Chemical Industries, Co. Ltd., Osaka, Japan). 

Mixed powder of BaCO3 and TiO2 was formed into pellet under more than 60 MPa for 1 

h, and the resulting pellet was heated at 1073 K for 24 h. Finally, that sample was grinded 

and re-pelletized, and heated at 1473 K for 48 h. Meso-BaTiO3 was synthesized by the 

solvothermal reactions. [(CH3)2CHO]4Ti (>99%, Kojundo Chemical Laboratory Co. 

Ltd.) and Ba(OC2H5)2 (>99%, Kojundo Chemical Laboratory Co. Ltd., Saitama, Japan)  

were put into the mixture of CH3OH (>99%, Wako Pure Chemical Industries, Co. Ltd.) 

and CH3O(CH2)2OH (>99%, Wako Pure Chemical Industries, Ltd.). CH3OH and 

CH3O(CH2)2OH mixture was set to 3 to 2 in volume ratio. This solution was stirred 

sufficiently for 3 h. After stirring, water was added into the precursor and heated at 400 

K for 24 h. Meso-BaTiO3 and impurities like unreacted regents were separated via 

centrifugation for 20 minutes at 10000 rpm. Nano-BaTiO3 was also synthesized by the 

solvothermal method, but the precursor was mixed with activated carbon fibers which 

adsorbed water vapor in 85-89 % humid environment instead of adding water. Carbon-

template of nano-BaTiO3 crystal was removed by burning out in an O2 environment at 

673 K for 48 h. Because hot-water could remove the precursors and impurities in meso- 

and nano-BaTiO3, the filtration by hot water was conducted Concentrations of Ba and Ti 

ions were adjusted as 0.2 and 0.4 mol L-1, which were chosen for both the carbon-

templated solvothermal and solvothermal reactions in order to make various particle size. 

As the characterization, XRD at 40 kV and 40 mA with Cu Kα radiation (λ=0.1541 nm) 

(UltimaIV, Rigaku Co., Tokyo, Japan) and N2 adsorption measurement at 77 K 

(Autosorb-1, Quantachrome Co., Florida, USA) were conducted. The Scherrer equation 

provided the size of the BaTiO3 crystals based on the XRD patterns. N2 adsorption 

isotherm bring many information of BaTiO3 structure, the pore size distributions, the 

specific surface areas, and micropore volumes were analyzed using the non-local density 

functional theory calculations using the software package (Autosorb-1), Brunauer-

Emmett-Teller, and Dubinin-Radushkevich equations , respectively. The particle sizes of 

each type of BaTiO3 were evaluated based on the spherical assumption calculation. 

Particle structures were observed using transmission electron microscopy at 200 kV 

(TEM; JEM-2100F, JEOL Co., Tokyo, Japan). Finally, the CO2 sorption measurements 

at 273-363 K by 30 K were conducted using adsorption apparatus. 
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Synthesis and CO2 adsorption of hydroxyapatite 

Two commercially available HAPs with different Ca/P ratios (HAP-JT and HAP-400, 

≥95% purity) were purchased from the Taihei Chemical Industrial Co., Ltd, Osaka, Japan. 

The HAP with the higher Ca/P ratio is labeled C-HAP; it was prepared by dropping 

phosphoric acid into a calcium hydroxide slurry. The HAP with the lower Ca/P ratio (a 

higher P/Ca ratio) is labeled P-HAP, and was prepared by mixing calcium hydrogen 

phosphate dehydrate and an aqueous solution of sodium hydroxide. 

CO2 adsorption isotherms (at 298 K) of the HAP samples were obtained volumetrically 

using an adsorption apparatus (Autosorb-1, Quantachrome Instruments, Boynton Beach, 

FL, USA). Before adsorption, the samples were evacuated below 0.1 Pa at 473 K for 3 h 

to remove any organic residues and moisture from the sample surface without surface 

reactions. 
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Results and discussion 

The XRD pattern of each BaTiO3 crystals was shown in Figure 1. All BaTiO3 crystal 

peaks were corresponding with reference BaTiO3 (>99%, Kojundo Chemical Laboratory Co. 

Ltd.). the peaks of meso-, and nano-BaTiO3 get shifted to lower angle. This means 

expansion of lattice constant. And broadened peaks were observed in meso-, and nano-

BaTiO3. The smaller particle broadens its XRD peak, from Scherrer equation, the 

crystallite sizes were 6.4, 13, 370 nm for nano-, meso, macro-BaTiO3, respectively. 

The N2 adsorption at 77 K was conducted to understand particle size of BaTiO3 (Figure 

2). Isotherms were also used to evaluate micropore volumes and the specific surface areas, 

which were determined to be 0.060 mL g-1, 0.019 mL g-1, and 0.000 mL g-1 and 266 m2 g-

1, 71 m2 g-1, and 2 m2 g-1  for the nano-, meso-, and macro-BaTiO3, respectively. Besides, 

the particle sizes based on spherical assumption using the specific surface areas, were 

determined to be 4 nm, 14 nm, and 650 nm for the nano-, meso-, and macro-BaTiO3, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. XRD patterns of each BaTiO3., macro-BaTiO3 (black), meso-BaTiO3 

(sky blue), and nano-BaTiO3 (orange) were shown. 
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Figure 2. N2 adsorption isotherm of each BaTiO3. nano-BaTiO3 (orange), meso-

BaTiO3 (sky blue), macro-BaTiO3 (black) were shown. Ti concentration on 

synthesis was reflected to the symbols as [Ti] = 200 mM (square), 400 mM 

(triangle) for nano-BaTiO3, and 200 mM (circle), 400 mM (diamond) for meso-

BaTiO3, respectively. 
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nano-BaTiO3 has the smallest particle size due to synthesis method that activated carbon 

fiber limited the crystal growth. Figure 3 shows the relationship between crystallite size 

obtained from XRD and particle size estimated from N2 adsorption. Crystallite size and 

particle size of meso- and nano-BaTiO3 indicate that those are comprised approximately 

single crystal. Parameters from N2 adsorption were summarized in Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3. Relationship between crystallite size and particle size of each 

BaTiO3.  

nano-BaTiO3 (orange), meso-BaTiO3 (sky blue), macro-BaTiO3 (black) 

were shown. Ti concentration on synthesis was reflected to the symbols as 

[Ti] = 200 mM (square), 400 mM (triangle) for nano-BaTiO3, and 200 mM 

(circle), 400 mM (diamond) for meso-BaTiO3, respectively. 
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CO2 adsorption at 273, 303, 333, 363 K were conducted (Figure 4). Macro-BaTiO3 

adsorbed almost no CO2 amount due to the lowest surface area. Meso- and nano-BaTiO3 

exhibited substantial amounts of CO2. Unlike N2 adsorption at 77 K, CO2 adsorption was 

conducted at 273-363K, thus CO2 adsorbs in gaseous form and preferentially adsorbs in 

micropore. For conventional adsorbate, CO2 will be desorbed perfectly in the way of 

adsorption, however, meso- and nano-BaTiO3 adsorbed CO2 strongly and CO2 desorbed 

with adsorption hysteresis. Adsorption hysteresis was observed when amine-based 

adsorbates adsorbed CO2, where chemical adsorption occurred.  Despite adsorption 

hysteresis was observed in CO2 adsorption of meso- and nano-BaTiO3, CO2 was released 

almost perfectly at 0 kPa, we conclude this CO2 adsorption is due to weak chemical 

interaction.  

 

Hydroxyapatite ([Ca10(PO4)6(OH)2]; HAP) also has the strong interaction with CO2. A 

higher Ca/P ratio HAP, named C-HAP, has the Ca2+ on the surface. OH- and O2- groups 

emerged on the surface to compensate the charge of surface Ca2+. Then, OH- and O2- are 

the basic adsorption sites for CO2. Therefore, CO2 adsorption to C-HAP exhibited 

irreversible CO2 adsorption isotherm though the figure is not shown here. The irreversible 

CO2 adsorption amount on C-HAP was 18%-22%, but that of a lower Ca/P ratio HAP was 

only 1%-3%. 

  

Table 1. Parameters obtained from N2 adsorption. Surface area and, 

microporous and total pore volume were calculated. 
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Figure 4. CO2 adsorption of each BaTiO3 at 273, 303, 333, and 363 K.  

nano-BaTiO3 (orange), meso-BaTiO3 (sky blue), macro-BaTiO3 (black) were shown. 

Ti concentration on synthesis was reflected to the symbols as [Ti] = 200 mM (square), 

400 mM (triangle) for nano-BaTiO3, and 200 mM (circle), 400 mM (diamond) for 

meso-BaTiO3, respectively. 
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Figure 5 shows the comparison of CO2 adsorption density with conventional adsorbate 

like carbon material13, metal-organic frameworks14, 15, zeolites16 and porous silica13 at 

different temperature, adsorption density was calculated from CO2 adsorption isotherms 

and micropore volume in Table 1. The meso- and nano-BaTiO3 have higher adsorption 

density than other adsorbates. Adsorption density keeps higher value even at relative 

higher temperature, 333 K and 363 K. The meso-BaTiO3 shows higher adsorption density 

than nano-BaTiO3 despite nano-BaTiO3 has the larger surface area than meso-BaTiO3. 

Nano-BaTiO3 is too small and tends to aggregate and leading to loss of adsorption sites. 

  

Figure 5. CO2 adsorption of each BaTiO3 at 273, 303, 333 and 363 K compared with 

other porous adsorbates.  

nano-BaTiO3 (orange), meso-BaTiO3 (sky blue), macro-BaTiO3 (black cross) were 

shown. Ti concentration on synthesis was reflected to the symbols as [Ti] = 200 mM 

(square), 400 mM (triangle) for nano-BaTiO3, and 200 mM (circle), 400 mM (diamond) 

for meso-BaTiO3, respectively. 

Carbon materials (〇), metal-organic frameworks (♢), zeolites (□), and porous silica 

(△) were also depicted. 
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In order to investigate the structure of CO2 in adsorbed form in BaTiO3 pore, in-situ 

measurement by XRD was conducted (Figure 6). XRD was performed in CO2 atmosphere 

at 100 kPa and vacuo for meso- and nano-BaTiO3. Although the difference between meso-

BaTiO3 in vacuo and in CO2 was almost nothing, the difference between nano-BaTiO3 in 

vacuo and in CO2 was somewhat observed mainly at 18 s nm-1. This newly appeared 

peaks were assigned to solid CO2 at 1 GPa17. From in-situ XRD results, it is suggested 

that CO2 formed solid state in the pore of nano-BaTiO3 due to high affinity to CO2, 

consistent with Figure 5. 

 

 

 

 

 

 

Figure 6. In-situ XRD patterns of each BaTiO3. nano-BaTiO3 in vacuo (orange), 

nano-BaTiO3 in CO2 (pink), meso-BaTiO3 in vacuo (sky blue), meso-BaTiO3 in 

CO2 (light green), macro-BaTiO3 (black) for reference and solid-state CO2 at 1 GPa 

(red) were shown. 
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Chapter 2. Evaluation of thermal structural change and 

reactivity of ceramics 

Introduction 

To improve the performance of catalytic activity from a fundamental level, we first 

need to understand the characteristics of the structure. Grunwaldt conducted in situ 

observation of structural change of Cu/ZnO during catalytic reaction at 873 K by 

combined X-ray diffraction (XRD), X-ray absorption fine structure spectroscopy, and on-

line catalytic measurements by mass spectrometry1. Mirsaidov observed the structural 

change of noble metal during CO oxidation at 873 K by transmission electron 

microscope2. As a thermocatalyst, which promotes the chemical reaction by the driving-

force of heat, metal oxides show the better activity to split CO2
3. In metal oxides, 

perovskite-type ceramics are getting attention due to those great characters. For instance, 

the conventional perovskite-type ceramic, barium titanate (BaTiO3) is the representative 

ferroelectric material. Thus, BaTiO3 has the spontaneous polarization on its surface and 

it is expected to interact strongly with CO2 molecular which has quadrupole. 

 When it comes to evaluation for catalytic activity, band gap is very important factor 

because excited electron (excited by heat or solar) triggers the chemical reaction like CO2 

splitting and methanation from CO2
4. We need to understand the band gap changes 

depending on structural changes. 

There is a strong relationship between structural and optical properties. Crystal 

structures are significantly changed by phase transitions, which are determined by 

temperature and pressure. Wang and co-workers reported pressure-dependent 

photoluminescence of organometallic halide perovskites. A red shift of the 

photoluminescence peak was observed with increasing pressure, and the peak intensity 

decreased in response to pressure5. However, the change in the photoluminescence peak 

was gradual despite the structural transformation.  

From the reasons above, we here studied the thermal structural change of BaTiO3 by 

observing wavelength of light-absorption changes. Because micro-scaled material has 

well-defined structure and provides more clear results than nano-scaled one, micro-scaled 

BaTiO3 was used in this chapter. 
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Material and method 

BaTiO3 crystals were synthesized from BaCO3 and TiO2 (purity >98%, Wako Pure 

Chemical Industries, Ltd., Osaka, Japan). The regent materials were mixed in the 

stoichiometric proportions needed for BaTiO3, and the mixture was heated at 1073 K for 

24 h, followed by heated at 1473 K for 48 h after palletization pressing at more than 60 

MPa for 30 minutes. Cl species as an impurity was released by calcination during its 

synthesis.  

The BaTiO3 crystal structures were examined by in situ X-ray diffraction (XRD; 

SmartLab, Rigaku Co., Tokyo, Japan) at 40 kV and 30 mA with Cu Kα radiation at 300–

700 K. In situ Raman spectroscopy with a Nd:YAG laser (NRS-3000, JASCO Co., Tokyo, 

Japan) at 300–700 K was used to evaluate their fluorescence properties. Energy-

dispersive spectroscopy was measured to evaluate the chemical species at 15 kV (JSM-

6510A, JEOL Co., Tokyo, Japan). In situ UV–vis reflection spectra of the synthesized 

BaTiO3 crystals were obtained at 300–700 K with a microscopic spectrophotometer 

(MSV-370, JASCO Co., Tokyo, Japan). Photoluminescence spectra were recorded with a 

Quantaurus-QY instrument (Hamamatsu Photonics K. K., Shizuoka, Japan). 
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Results and discussion 

Figure 1 shows the typical peaks of BaTiO3; (101)/(110), (111), (002)/(200) facets are 

observed. The transformation from tetragonal phase to cubic phase was occurred between 

400-500 K, clearly observed in the peaks of (002)-(200) because two peaks become single 

peak. These typical main peaks shifted as increasing temperature. Those means increasing 

lattice constant at 300-700 K. 

 

  

Figure 1. XRD peaks of BaTiO3 at 300-700 K 
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Figure 2 shows the optical image of BaTiO3 at 300-700 K. BaTiO3 is usually white color 

at room temperature. However, its color becomes yellow with increasing temperature, 

finally shows clear yellow at 700 K. In order to quantify this change of color, we 

conducted UV-vis at 300-700 K (Figure 3). 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 2. The optical image of BaTiO3 at 300-700 K 
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The center of reflectance signal shifted from 350-400 nm to 400-450 nm with increasing 

temperature from 300-700 K. Decreasing reflectance suggests the light-absorption. Thus, 

light-absorption wavelength shifted from the near-ultraviolet region to the visible region 

on heating. 

 

From these structural and optical changes with increasing temperature, it is concluded 

that the structure of BaTiO3 was expanded by heating and resulting in absorb visible light 

range wavelength. Generally, both the absorption and excitation spectra of a sample will 

peak at the same wavelength6. In other words, BaTiO3 is excited by longer wavelength 

with as increasing temperature. In this chapter, we elucidated BaTiO3 was excited by 

increasing temperature due to expanding structure. 

 

 

 

 

Figure 3. Reflectance spectra of BaTiO3 at 300-700 K 
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Chapter 3. Decomposition of CO2 at lower temperature 

using nanoceramic catalysts 

Introduction 

CO2 is a representative greenhouse gas, and the Intergovernmental Panel on Climate 

Change requires a net reduction in the atmospheric CO2 concentration by 20501-3. The 

ultimate goal is to achieve a negative CO2 balance in terms of total CO2 release and 

absorption. The capture of CO2 and its storage underground (carbon capture and storage; 

CCS), will have a major role in atmospheric CO2 reduction4, 5. The operating costs of 

CCS are low and a large amount of CO2 can be captured in a short time. The United States 

Department of Energy and National Energy Technology Laboratory estimated CCS costs 

ranging from $7.80 to $17.10 US dollars (USD) per ton of CO2 removed8. Pale Blue Dot 

Energy, the Department of Energy and Climate Change and the Greenhouse Gas Research 

and Development Program of the International Energy Agency reported costs ranging 

from $11 to $47.90 USD per ton of CO2 removed8. However, these estimates are based 

solely on operational costs and do not include capital expenditure. Furthermore, CO2 

leakage and its associated hazards are inevitable over time, and the estimated rate of 

leakage from CCS operations is 0.1% per year, assuming that 25 gigatons of CO2 will be 

released in this century16. 

In this set of circumstances, carbon capture and utilization (CCU) will make a 

considerable contribution to reducing the atmospheric CO2 concentration. In the CCU 

regime, CO2 is converted to useful products via electrochemical, photosynthetic or 

catalytic reactions. CCU has the advantage of circumventing CO2 leakage, although it is 

more expensive than CCS. Electrochemical CO2 reduction produces methane at a cost of 

$696 USD per ton of CO2
17. Methanol production from syngas in catalytic reaction has 

been achieved using copper-based and chromium-based catalysts at a cost of $287 USD 

per ton of CO2
18. In addition, electrochemical CO2 reduction has several advantages, 

including controllable reaction rates (50%), excellent selectivity (90%) and scales that 

can reach 100 tons per day19.The photosynthetic conversion of CO2 by algae is currently 

the most effective plant-based CCU technique, and it is used to produce biofuels. Alcohol 

can be produced in yields of 26 to 800 milligrams per liter at a cost of $153 USD per ton 

of CO2
20-22. However, CO2 conversion can be made more cost-effective by developing 

more efficient electrochemical and catalytic processes. Metal catalysts have been used to 

obtain C1 and C2 products from CO2 gas with improved the Faradaic efficiency from 

75% to 99%23. Methanol has been produced in yields of 10-90μmol g−1 under irradiation 
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with visible light (wavelength >400 nm) using TiO2-based photocatalysts24. Solar energy 

conversion generated carbon monoxide at a rate of 84.2 µmol h−1 g−1 with a high 

efficiency of 0.108%, while the efficiencies of typical catalysts ranged from 0.0006% to 

0.0042%25. Although solar energy conversion is a useful and economical clean energy 

resource, its energy efficiency is relatively low due to the large band gaps of TiO2 (3.2 

eV) and SrTiO3 (3.2 eV). Thus, the efficiency and cost-effectiveness of CO2 conversion 

must be improved to achieve sustainability. Faradaic efficiencies of 76–93%26-28. The use 

of nanocrystal catalysts  

Thermal CO2 conversion can reduce the amount of energy required for CCU. Thermal 

CO2 conversion utilizes heat energy, waste heat in particular29, 30, and a high-performance 

catalyst to reduce the amount of energy consumed during CO2 decomposition. The 

catalyst facilitates breakage of strong C=O bonds, which have a dissociation energy of 

750 kJ mol−1 (9 × 104 K). The conversion of CO2 to CO has been achieved at 1473 K 

using CeO2, ZrO2, and LaFeO3 as catalysts31. Introducing oxygen vacancies into LaFeO3 

(LaFe0.7Co0.3O3) doubled the CO yield. The oxygen vacancies in magnetite (FeO/Fe3O4) 

enabled low-temperature CO2 conversion at 563–953 K, but those were promptly reduced 

and regeneration of the oxygen vacancies required heating at >1173 K31-34. The Sabatier 

reaction is a well-known CO2 methanation reaction with H2; aluminum-supported 

catalysts with high nickel loads are active at 1 MPa and temperature of 673–773 K35. 

Sabatier reaction achieved the selectivity close to 100% and CO2 conversions and CH4 

yields greater than 80-90% with the CH4 production cost of 1000 $/ton36. Selective 

hydrogenation of CO2 at 2 MPa and temperatures of 473–573 K over metal molybdates 

loaded with Cu, Ni, or Co generates predominantly hydrocarbons, like methane, or 

alcohols such as CH3OH and C2H5OH with a conversion rate of 19-31%37.  

Despite the results of these pioneering studies, successive thermal CO2 conversion 

using waste heat at temperatures below 900 K and ambient pressure is strongly desired to 

optimize the best energy efficient system21. Nanomaterials have the potential to improve 

catalytic reactivity. For instance, TiO2 nanocrystals enhanced the photo-oxidation activity 

of toluene from 5% to 50%, which was mainly due to enlargement of the specific surface 

area38.  

We here developed the thermal performance of ceramics through downsizing those 

particle size, resulting in extremely higher reactivity and CO2 affinity. Wavelength of 

light-absorption shifted from the near-ultraviolet region to the visible region on heating. 

Nano-scaled BaTiO3 adsorbed CO2 strongly and remarked 7-10 times higher CO2 

adsorption density than conventional adsorbates. When using as a catalyst, we thermally 
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reduced CO2 to carbon nanomaterials at 700 K using perovskite-type BaTiO3, CaTiO3, 

SrTiO3, and PbTiO3 nanocrystals. This was achieved at much lower temperature and 

higher conversion rates than those used in previous studies31, 39.  

 

Material and method 

Catalyst preparation 

Microscale BaTiO3, CaTiO3, SrTiO3, and PbTiO3 materials were prepared using 

a conventional solid-state process, and a solvothermal method was used to 

synthesize nanoscale materials40. The regents used for the solid-state reactions 

included barium carbonate (>99%, Fujifilm Wako Pure Chemical Co., Osaka, 

Japan), calcium carbonate (>99.9%, Kojundo Chemical Laboratory Co., Saitama, 

Japan), strontium carbonate (>99.9%, Fujifilm Wako Pure Chemical Co., Osaka, 

Japan), lead carbonate (>99.9%, Kojundo Chemical Laboratory Co., Saitama, 

Japan) and rutile titanium dioxide (>99%, Fujifilm Wako Pure Chemical Co., 

Osaka, Japan). Stoichiometric mixtures were pelletized by applying pressure in 

excess of 40 MPa for 1 h, and highly crystalline BaTiO3, CaTiO3, SrTiO3 and 

PbTiO3 were obtained after heating the pellets at 1,100 K or 1,500 K for 24 h. 

The regents used for solvothermal synthesis included barium diethoxide (>99%, 

Kojundo Chemical Laboratory Co., Ltd., Saitama, Japan), calcium diethoxide 

(>99%, Kojundo Chemical Laboratory Co., Ltd., Saitama, Japan), strontium 

diisopropoxide (>99%, Fujifilm Wako Pure Chemical Co., Osaka, Japan), lead 

diisopropoxide (>99%, Kojundo Chemical Laboratory Co., Saitama, Japan) and 

titanium tetraisopropoxide (>99%, Kojundo Chemical Laboratory Co., Saitama, 

Japan). Methanol (>99%) and methoxyethanol (>99%) were purchased from 

Fujifilm Wako Pure Chemical Co. (Saitama, Japan). The reagents were added to 

3:2 (v/v) solutions of methanol and methoxyethanol in a nitrogen-filled glove box. 

Each mixture contained 200 mM Ti and a total solvent volume of 10 mL. The ratios 

of Ba, Ca, Sr, and Pb to Ti and H2O were 1:1:5. The solutions were stirred 

vigorously for 3 h. Water was then added to each precursor mixture, followed by 

heating in an autoclave at 400 K for 24 h. The products were dried at 333 K for one 

day. The samples were then heated at 700 K for 120 h and 800–1,500 K for 24 h 

to control the sizes of the crystals. 

 

Characterization of the catalysts 

The N2 adsorption isotherms of the synthesized samples were obtained to determine 

their specific surface areas, total pore volumes, micropore volumes, and particle sizes. 
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The isotherms were collected at 77 K using a BELSORP MAX analyzer (MicrotracBEL, 

Osaka, Japan) and >99.995% N2. Interparticle space was included in both the total pore 

and micropore volumes. The samples were heated at 423 K at pressures below 10−3 Pa 

prior to the N2 adsorption measurements. The specific surface areas were determined via 

Brunauer-Emmet-Teller analysis41, and spherical approximation was adapted to estimate 

the particle sizes. The interparticle spatial distribution was calculated by performing 

grand canonical Monte Carlo simulations using BELMaster 7 software. The average 

interparticle spaces were set equal to the peaks in the interparticle space distributions. The 

total pore and micropore volumes were determined from the quantity adsorbed near a 

relative pressure of 1.0 and performing Dubinin-Radushkevich analysis42. 

X-ray diffraction (XRD) patterns were obtained using an Ultima IV X-ray 

diffractometer (Rigaku, Tokyo, Japan) and Cu Kα radiation (λ = 0.1541 nm) at 40 kV and 

40 mA. The sizes of crystallites in the nanoceramics were calculated using the Scherrer 

equation43 based on the full peak widths at half maximum determined through Rietveld 

analysis (RIETAN-FP software44). A Scherrer constant of 0.89 was applied for the 

calculations. For Rietveld refinement, BaTiO3 in particles with dimensions of less than 

100 nm was assumed to be a cubic phase. BaTiO3 in particles larger than 100 nm was 

assumed to be a tetragonal phase. SrTiO3 was assumed to be a cubic phase. The phases 

of CaTiO3 and PbTiO3 were assumed to be orthorhombic and tetragonal, respectively. The 

Rietveld refinement parameters Rwp and S were used to evaluate the accuracy of peak 

fitting44. 

 

Catalytic CO2 thermolysis performance 

Changes in the weights of the catalysts in CO2 and O2 atmospheres were evaluated at 

700 K using a DTG-60/60A thermogravimetric apparatus (Shimadzu Co., Kyoto, Japan). 

The catalysts were heated to 700 K at a rate of 10 K min−1. The temperature was then held 

at measurements of the weight change in CO2 and O2 atmosphere with flow rate of 100 

mL min−1. The pre-treatment was first conducted in O2 atmosphere for 8 h to remove 

surface contamination and CO2 was then flowed for 4 h to evaluate the CO2 reactivity, 

and O2 treatment was finally conducted to remove carbon species on their surfaces. 

Cycling under CO2 and O2 gas flows was conducted to assess reproducibility. Continuous 

CO2 thermolysis was then evaluated for 48 h under flowing CO2 gas. 

Carbon production on BaTiO3 (9.1 nm), SrTiO3 (13.9 nm), and CaTiO3 (12.1 nm) 

nanocrystals under flowing CO2 gas was evaluated at 700 K for 24 h via Raman 

spectroscopy. Spectra were collected using a NRS-3000 Raman spectrometer (JASCO 

Co., Tokyo, Japan) equipped with an Nd:YAG laser with a power of 1.0 mW. The sample 
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spectra were compared with those of carbon black (Mitsubishi Chemical Co., Tokyou, 

Japan), defective diamond45, nanocrystalline diamond film46, MeV implanted diamond47 

and nanodiamond (Plasma Chem Co., Germany, >99%). Transmission electron 

microscope images were acquired at an accelerating voltage of 120 kV using a JSM-

2100F TEM (JEOL Co., Tokyo, Japan). X-ray photoelectron spectroscopy was performed 

using a JPS-9030 photoelectron spectrometer equipped with an Mg Kα radiation source 

(JEOL Co., Tokyo, Japan). PbTiO3 (800 nm), SrTiO3 (1,200 nm), CaTiO3 (1,100 nm), and 

BaTiO3 (1,200 nm) were synthesized using a solid-state method and used as XPS 

reference samples. 

Produced gas species were assigned by mass spectrometry. 500 mg of 9.1 nm-BaTiO3 

was put into quartz tube which has mesh filter. The catalyst was heated at 700 K for 

removing impurities followed by CO2 flow with the rate of 3.0 mL min-1 at 300 K. After 

equilibrium of CO2 adsorption, sample was heated at 10 K min-1, then produced gas was 

detected by mass spectrometry (M-101QA-TDF; Canon Anelva, Kanagawa, Japan). 

 

Results and discussion 

Perovskite-type nanocrystals with dimensions ranging from 10 to 100 nm were 

synthesized using a solvothermal method. Microparticles larger than 100 nm in size were 

synthesized for comparison using a solid-state method. N2 adsorption isotherms recorded 

at 77 K and the XRD patterns of the nanocrystals are shown in Figures 2, 9, 14, 20. The 

N2 adsorption isotherms and interparticle spatial distributions are plotted in Figures 1, 8, 

13, 19. The specific surface areas, particle sizes based on spherical approximations, total 

pore volumes, micropore volumes, and interparticle spatial distributions are shown in 

Tables 1–4. The samples were labeled according to ATiO3-x nm, where A = Ba, Sr, Ca, or 

Pb, and x was the particle size determined from the N2 adsorption isotherm. 

Seventeen BaTiO3 crystals with sizes ranging from 9.1 nm to 1200 nm were prepared. 

The crystallite sizes determined from the XRD data following Rietveld analysis and 

calculations using the Scherrer equation are shown in Figures 2-7. All of the peaks in the 

patterns of BaTiO3 crystallites larger than 100 nm could be assigned to the tetragonal 

phase. Peaks in the patterns of BaTiO3 crystallites less than 100 nm in size could be 

assigned the cubic phase. A minute quantity of BaCO3 was also detected as an impurity 

in the nanocrystals. However, we found that carbonates rarely exhibited CO2 thermolytic 

activity (Figure 24). Crystallites in the nanocatalysts were approximately half to 70% as 

large as the particles (Table 1), which indicated that some of the crystals aggregated to 

form particles. Pores were generated among these particles, and smaller particles had 

larger pore volumes. 
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The sizes of the eleven SrTiO3 particles determined from their N2 adsorption isotherms 

(Figure 8a) ranged from 13.9 nm to 1200 nm. No impurities were detected in SrTiO3 

(Figures 9-12), and the relationship between the sizes of the particles and the crystallites 

was similar to that observed in BaTiO3 (Table 2). 

Thirteen CaTiO3 crystals were prepared, and the sizes of the particles determined from 

their N2 adsorption isotherms (Figure 13a) ranged from 6.7 nm to 1,100 nm. The XRD 

patterns of the crystals contained the characteristic CaTiO3 peaks (Fig. 14-18). Small 

peaks attributed to CaCO3 were also observed in the patterns of crystals less than 20 nm 

in size. The small quantity of CaCO3 did not significantly influence the CO2 thermolysis 

performance of the catalyst (Figure 24). The relationship between the sizes of the particles 

and crystallites differed from that of the other catalysts. Some of the crystallites were 

larger than the nanoparticles with diameters less than 100 nm. This was the result of 

oriented attachment48, 49. When the crystal domains fuzed, the crystallites increased in 

size without changing the size of the particle49. The oriented attachment of CaTiO3 was 

due to its ferroelectric property and affected the sizes of smaller particles (<40 nm)50,51. 

Five PbTiO3 crystals were prepared, and the particles ranged from 34.2 nm to 820 nm 

in size based on their N2 adsorption isotherms (Figure 19). The XRD patterns of the 

crystals contained typical PbTiO3 peaks, and no impurities were detected (Figure 20-22). 

The relationship between particle size and crystallite size was similar to those observed 

in BaTiO3 and SrTiO3 crystals, although particles less than 35 nm in diameter were not 

obtained. The smallest PbTiO3 particles synthesized using the solvothermal method were 

34.2 nm in diameter. 

The sizes of the particles were calculated from their specific surface areas. An increase in 

the weight of smaller nanocrystals under flowing CO2 at 700 K indicated that large 

amounts of CO2 were chemisorbed and/or converted into the reduced product (Figure 23).  
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Figure 1. (a) N2 adsorption isotherms of BaTiO3 at 77 K and (b) interparticle 

spatial distributions. 
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Figure 2. XRD patterns of BaTiO3 nanocrystals. BaTiO3 peaks were observed in the 

patterns of all samples. Some of the patterns contained BaCO3 peaks, which was due 

to the presence of unreacted barium diethoxide or chemisorbed CO2 from the 

atmosphere. The peak at 31° shifted to the left as the particle size decreased, which 

was caused by lattice expansion7. The XRD patterns of crystalline BaTiO3
11, 

crystalline BaCO3
15, and nanoscale BaCO3 (Figure X) are shown for comparison. 
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Figure 3. XRD patterns of BaTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 
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Figure 4. XRD patterns of BaTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 
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Figure 5. XRD patterns of BaTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 
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Figure 6. XRD patterns of BaTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 

 



41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. XRD patterns of BaTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 
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Table 1. Characterization of BaTiO3 
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Figure 8. (a) N2 adsorption isotherms of SrTiO3 at 77 K and (b) interparticle 

spatial distributions. 
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Figure 9. XRD patterns of SrTiO3 nanocrystals. SrTiO3 peaks were observed in 

the patterns of all samples. The peak at 32° shifted to the left as the particle size 

decreased, which indicated lattice expansion7. The XRD patterns of crystalline 

SrTiO3
12 and crystalline SrCO3

14 are shown for comparison. 
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Figure 10. XRD patterns of SrTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 
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Figure 11. XRD patterns of SrTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 
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Figure 12. XRD patterns of SrTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 
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Table 2. Characterization of SrTiO3 
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Figure 13. (a) N2 adsorption isotherms of CaTiO3 at 77 K and (b) interparticle 

spatial distributions. 
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Figure 14. XRD patterns of CaTiO3 nanocrystals. CaTiO3 peaks were observed 

in the patterns of all samples. Some patterns contained CaCO3 peaks due to the 

presence of unreacted barium diethoxide or chemisorbed CO2 from the 

atmosphere. The peaks at 34° shifted to the left as the particle sizes decreased, 

which indicated lattice expansion7. The XRD patterns of crystalline CaTiO3
10, 

crystalline CaCO3
13, and nanoscale CaCO3 (Figure X) are shown for 

comparison. 
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Figure 15. XRD patterns of CaTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 

 



52 

 

 

 

 

 

Figure 16. XRD patterns of CaTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 
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Figure 17. XRD patterns of CaTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 
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Figure 18. XRD patterns of CaTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 
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Table 3. Characterization of CaTiO3 
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Figure 19. (a) N2 adsorption isotherms of PbTiO3 at 77 K and (b) interparticle 

spatial distributions. 
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Figure 20. XRD patterns of PbTiO3 nanocrystals. PbTiO3 peaks were observed 

in the patterns of all samples. The XRD patterns of crystalline PbTiO3
6 and 

PbCO3
9 are shown for comparison. 
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Figure 21. XRD patterns of PbTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 
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Figure 22. XRD patterns of PbTiO3 and the results of Rietveld analysis to 

determine crystallite size. The observed patterns (gray), calculated patterns 

(red), and differences between them (blue) are included. DXRD is the crystallite 

size determined using the Scherrer equation. 

 

 

Table 4. Characterization of PbTiO3 
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Figure 23. Thermal CO2 conversion at 700 K. Changes in the weights of (a) PbTiO3, (b) 

SrTiO3, (c) CaTiO3 and (d) BaTiO3 nanocrystals under flowing CO2 or O2 gas. 

 

Small quantities of carbonate impurities were observed in the BaTiO3 and CaTiO3 

crystals, and the influence of the impurities on CO2 thermolysis was thus evaluated. The 

crystallite sizes of BaCO3 in BaTiO3 nanocrystal (9.1 nm) and CaCO3 in CaTiO3 

nanocrystal (12.1 nm) were 11.1 nm and 22.2 nm, respectively. BaCO3 and CaCO3 

crystallites with nearly identical sizes were obtained from barium diethoxide and calcium 

diethoxide, respectively, using the solvothermal method. The nanocrystals prepared using 

the solvothermal method were heated at 400 K and 500 K in a CO2 atmosphere. The XRD 

patterns of the crystals contained no peaks attributable to impurities (Figures 24a and 24b). 

We obtained BaCO3 and CaCO3 nanocrystals with crystallite sizes of 14.6 nm and 18.3 

nm, respectively, based on their XRD patterns. These crystals were designated Nano-

BaCO3 and Nano-CaCO3. 

The weights of Nano-BaCO3 and Nano-CaCO3 under flowing CO2 at 700 K did not 

change significantly (Figures 24c–d) compared to those of the perovskite nanocrystals. 

The reaction yields of Nano-BaCO3 and Nano-CaCO3 after 10 minutes under flowing 

CO2 were 0.004% g−1 and 0.008% g−1, respectively. This indicated that the minute 

quantities of carbonate impurities in the perovskite-type nanocrystals did not significantly 
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influence their CO2 thermolysis performance. 

 

Figure 25 shows that the amounts of chemisorbed and/or converted CO2 reached 

maximum values of 3–7 g mol−1 when the dimensions of the nanoparticles were below 

the range of 15 to 30 nm. The relationship between nanocrystal structure and CO2 

reactivity is illustrated in Figure 26. The amount of reacted CO2 decreased exponentially 

with increasing particle size (Figure 25). The dependence of the amount of reacted CO2 

on specific surface area is shown in Figure 26a. The amount of reacted CO2 increased 

linearly as the specific surface area increased from 29 m2 g−1, which may have been the 

critical specific surface area for the reaction. This corresponded to crystalline BaTiO3, 

SrTiO3, CaTiO3, and PbTiO3 particle sizes of 34.4, 43.1, 52.1, and 27.6 nm, respectively. 

The particles were slightly larger than the critical particle size for CO2 thermolysis, but 

the particles were similar in size to those of the particles immediately before reacting with 

CO2. This is described in the main text. The particle sizes were calculated directly from 

the specific surface areas, and the relationship between the reacted amount, the particle 

size, and the specific surface area were equivalent. The dependences on micropore 

volume and interparticle space are clear in Figures 26c and 26d. There was less of a 

dependence on the total pore volume (Figure 26b). The amount of reacted CO2 increased 

linearly with the micropore volume above 0.012 cm3 g−1, and it decreased exponentially 

as the interparticle space increased above 7 nm. Micropores in the BaTiO3 nanocrystals 

contained a high density of adsorbed CO2
40. Samples with smaller interparticle spaces 

could capture more CO2, even at high temperatures52. The micropores were thus crucial 

for CO2 chemisorption at high temperatures. There was an exponential relationship 

between the amount of reacted CO2 and crystallite size (Figure 26e) with the exception 

of the CaTiO3 crystals. This indicated that the critical crystallite size for CO2 reactivity 

was 12 nm, which was similar to the critical particle size (15 nm) owing to the high 

surface energy of smaller particles53. The particle size also strongly influenced the 

catalytic dynamics, which were coupled to surface reconstruction on the smaller particles 

due to their high surface energy53. Some crystallite sizes of CaTiO3 crystal were larger 

than the particle sizes, despite the crystallite size is normally smaller than the particle size.  

The reactivity of CaTiO3 nanocrystals depended little on crystallite size due to their 

oriented attachment. Since these structural parameters were closely related, we concluded 

that particle size was key for CO2 reactivity and a strong adsorption affinity40 due to high 

surface energy and surface reconstruction54, 55. 
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Figure 24. XRD patterns of (a) Nano-BaCO3 and (b) Nano-CaCO3. Changes in the 

weights of (c) Nano-BaCO3 and (d) Nano-CaCO3. No chemisorbed CO2 was 

observed on either Nano-BaCO3 or Nano-CaCO3, and neither exhibited reducing 

activity. 
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Figure 25. Dependence of thermal CO2 conversion (g mol−1) on particle size. Colors 

represent the sizes of the nanocrystals: A change in color from red to green indicates an 

increase in particle size. 
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Figure 26. Amount of reacted CO2 as a function of (a) specific surface area, (b) total 

pore volume, (c) micropore volume, (d) interparticle space, and (e) crystallite size. 
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The cycling behavior of the SrTiO3, CaTiO3, and BaTiO3 nanocrystals is shown in Fig. 

27. The reaction amounts of CO2 remained above 80% over ten cycles. Increases in the 

weights of the CaTiO3 and BaTiO3 nanocrystals were relatively small, even after O2 

treatment, which indicated that carbon nanomaterials adhered to them. In contrast, the 

release of carbon products from the SrTiO3 nanocrystals was nearly complete. Differences 

between the reactivities of the nanocrystals for carbon removal under flowing O2 gas were 

due to the presence of different carbon products on the nanocrystals. This was indicated 

by the increases in weight observed under flowing CO2 gas during the carbon production 

process (Figure 23). The weight of the SrTiO3 nanocrystals increased sharply, whereas 

increases in the weights of the BaTiO3 and CaTiO3 nanocrystals ranged from steep to 

moderate.  

 

 

Figure 27. The performance of various nanocrystals for thermal CO2 reduction. Changes 

in the weights of (a) SrTiO3-13.9nm, (b) CaTiO3-12.1nm, and (c) BaTiO3-9.1nm 

nanocrystals during cycling under flowing CO2 gas for 4 h (red) and flowing O2 gas for 

8 h (blue) at 700 K.  
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To distinguish between CO2 carbonation and subsequent conversion, we analyzed the TG 

signals by fitting the data with a double exponential model using the least squares method 

(Figures 28–41)56. 

𝑦 = 𝐴exp(−𝑘1𝜒) + 𝐵exp(−𝑘2𝜒) + 𝐶,     Eq. S1 

 

where y represents the change in the amount of reacted CO2, and χ is the time. We assumed 

the two steps of CO2 conversion for the fast and slow increases of the reacted CO2 

amounts; k1 and k2 are the rate constants of CO2 carbonation and conversion, respectively. 

A and B are the pre-exponential factors, and C is the y-intercept. Here, A and B are the 

negative, while C is the positive and the same as the sum of A and B. The TG signals of 

large crystals were poorly fitted due to poor signal-to-noise (S/N) ratios. The rate 

constants k1 and k2 are summarized in Table 5-8. The rate constant of CO2 carbonation 

was decreased when the particle size was larger than 20–30 nm, indicating that CO2 

carbonation reaction was inhibited by the larger particles. On the other hand, the rate 

constant of CO2 conversion, which was mainly observed for BaTiO3 and CaTiO3, was 

abruptly decreased between the particle sizes of 10 and 20 nm. Therefore, CO2 conversion 

was only occurred for smaller particles than 20 nm. Those trends of CO2 carbonation and 

conversion agreed with the other experimental results in this study. We thus concluded 

that the fast and slow increases of the reacted CO2 amounts were due to CO2 carbonation 

and conversion, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



67 

 

 

Figure 28. BaTiO3 TG signals during CO2 thermolysis analyzed by double 

exponential model fitting. Observed pattern (red), calculated pattern (blue) are 

shown. 
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Figure 29. BaTiO3 TG signals during CO2 thermolysis analyzed by double 

exponential model fitting. Observed pattern (red), calculated pattern (blue) are 

shown. 
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Figure 30. BaTiO3 TG signals during CO2 thermolysis analyzed by double 

exponential model fitting. Observed pattern (red), calculated pattern (blue) are 

shown. 
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Figure 31. BaTiO3 TG signals during CO2 thermolysis analyzed by double 

exponential model fitting. Observed pattern (red), calculated pattern (blue) are 

shown. 
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Figure 32. BaTiO3 TG signals during CO2 thermolysis analyzed by double 

exponential model fitting. Observed pattern (red), calculated pattern (blue) are 

shown. 
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Table 5. Chemisorption and conversion rate constants of BaTiO3. 
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Figure 33. SrTiO3 TG signals recorded during CO2 thermolysis. The data were fitted 

using a double exponential model. The observed patterns (red) and calculated 

patterns (blue) are shown. 
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Figure 34. SrTiO3 TG signals recorded during CO2 thermolysis. The data were fitted 

using a double exponential model. The observed patterns (red) and calculated 

patterns (blue) are shown. 
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Figure 35. SrTiO3 TG signals recorded during CO2 thermolysis. The data were fitted 

using a double exponential model. The observed patterns (red) and calculated 

patterns (blue) are shown. 
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Table 6. Chemisorption and conversion rate constants of SrTiO3. 
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Figure 36. CaTiO3 TG signals recorded during CO2 thermolysis. The data were fitted 

using a double exponential model. The observed patterns (red) and calculated 

patterns (blue) are shown. 
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Figure 37. CaTiO3 TG signals recorded during CO2 thermolysis. The data were fitted 

using a double exponential model. The observed patterns (red) and calculated 

patterns (blue) are shown. 
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Figure 38. CaTiO3 TG signals recorded during CO2 thermolysis. The data were fitted 

using a double exponential model. The observed patterns (red) and calculated 

patterns (blue) are shown. 
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Figure 39. CaTiO3 TG signals recorded during CO2 thermolysis. The data were fitted 

using a double exponential model. The observed patterns (red) and calculated 

patterns (blue) are shown. 
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Table 7. Chemisorption and conversion rate constants of CaTiO3. 
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Figure 40. PbTiO3 TG signals recorded during CO2 thermolysis. The data were fitted 

using a double exponential model. The observed patterns (red) and calculated 

patterns (blue) are shown. 
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Figure 41. PbTiO3 TG signals recorded during CO2 thermolysis. The data were fitted 

using a double exponential model. The observed patterns (red) and calculated 

patterns (blue) are shown. 

 

 

Table 8. Chemisorption and conversion rate constants of PbTiO3. 
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Transmission electron microscope (TEM) images of nanocrystals before and after 

exposure to flowing CO2 gas at 700 K for 24 h are shown in Figure 42. The particle sizes 

of nanocrystals observed in TEM images before and after CO2 thermolysis indicated that 

the sizes of the nanocrystals changed little during thermolysis (Figure 43). 

Carbon products covered the BaTiO3 and CaTiO3 nanocrystals, while few carbon 

products were observed on the SrTiO3 nanocrystals after CO2 thermolysis. Wang et al. 

investigated CO2 absorption on Li4SiO4 and also observed steep and moderate weight 

increases56. They concluded that the increases were due to CO2 chemisorption and Li+ 

diffusion toward the surface to capture CO2 more. However, we observed the conversion 

of CO2 to solid carbon on the surfaces of the catalysts, and there was no indication of ion 

diffusion in BaTiO3, SrTiO3, CaTiO3 or PbTiO3. The initial steep and moderate weight 

increases in Figures 23 and 28-41 were thus attributed to CO2 chemisorption and 

conversion, respectively. We here evaluated the rate constants of chemisorption and 

subsequent conversion by fitting the data with a double exponential model as described 

in Table 5–8. The reaction rates were determined based on weight changes and the flow 

rate after 10 minutes under flowing CO2 (Figure 44) and ranged from ~3300 µmol g-1 h-

1. The rates at 700 K were extremely high compared to previously reported rates of ~1600 

µmol g-1 h-1 observed at temperatures ranging from 1073 to 1673 K31, 57-59. The carbon 

atomic numbers of carbon monoxide, methane, and methanol converted from CO2 in 

photoreduction were 14–90 and 10-90 µmol g-1 for C3N4-based and TiO2-based 

photocatalyst under visible light, respectively24, 60, 61. Remarkable high-performance 

photocatalysts showed 1-1300 µmol g-1 h-1 CO2 conversion ratio, however, nanoceramic 

catalyst surpassed its performance24, 61-72. Therefore, the reductivity of CO2 into solid 

carbons in this work is considerably high. In addition, the continuous reactivity of BaTiO3 

(9.1 nm) nanocrystals during CO2 thermolysis at 700 K is plotted in Figure 45. A rapid 

increase in weight was observed during the first four hours of CO2 thermolysis, and the 

yield reached 5.5 g mol−1 (1.4 g mol−1 h−1). The weight of the sample then increased 

linearly to 6.3 g mol−1 at a rate of 0.02 g mol−1 h−1. The carbon coating did not have a 

significant impact on the performance of the catalyst. However, catalysts on porous 

supports are often found to be deactivated by coke and carbon coatings73. The two-step 

increase in the amount of reacted CO2 suggested that CO2 thermolysis on the nanocrystals 

proceeded via a two-step mechanism, as mentioned above. 
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Figure 42. Schematic illustration of CO2 chemisorption and conversion on nanocrystals 

with images and associated weight changes. (a) Titanium perovskite nanocrystals (a) 

before and (b) after CO2 chemisorption. CO2 carbonation by chemisorption was observed 

on nanocrystals larger than 15 nm in size in SrTiO3, CaTiO3, and BaTiO3. (c) CO2 

graphitization via carbonation was observed on 10–15 nm nanocrystals of CaTiO3 and 

BaTiO3. (d) Graphitization and nanodiamond production via carbonation and 

graphitization was observed on smaller nanocrystals than 10 nm in BaTiO3. 
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Figure 43. Particle size distributions determined from the TEM images. DN2 is the particle 

size determined from the N2 adsorption isotherm, which is represented by dashed vertical 

lines. (a) Particle size distribution of BaTiO3. The average particle sizes before (blue) and 

after CO2 thermolysis (red) were 10.5 and 10.6 nm, respectively. (b) Particle size 

distribution of SrTiO3. The average particle sizes before (blue) and after CO2 thermolysis 

(red) were 12.2 and 11.9 nm, respectively. (c) Particle size distribution of CaTiO3. The 

average particle sizes before (blue) and after CO2 thermolysis (red) were 8.1 and 8.5 nm, 

respectively. (d) Particle size distribution of PbTiO3. The average particle sizes before 

(blue) and after CO2 thermolysis (red) were 36.9 and 38.2 nm, respectively. 
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Figure 44. The reaction rate comparison with other thermocatalysts and photocatalysts. 

Calculated rates of CO2 conversion to carbon materials on the nanocrystals based on 

weight increases and the CO2 gas flow. The reaction rates of BaTiO3 (red), SrTiO3 (green), 

CaTiO3 (blue), and PbTiO3 (orange) were calculated from their weights after exposure to 

flowing CO2 gas at 100 mL min−1 for 10 minutes. Previously reported rates for 

thermocatalysts at temperatures ranging from 1073 to 1673 K without reactant (filled 

square) and with reactant like H2 (open square) are also plotted. Photocatalysis using UV, 

visible, and solar lights reacting with reactant (open diamond) and without reactant (filled 

diamond). 
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Figure 45. Continuous catalytic reactivity of BaTiO3 (9.1 nm) at 700 K. 

 

 

The carbon products on the nanocrystal surfaces were evaluated by performing Raman 

spectroscopy and X-ray photoelectron spectroscopy (XPS). These methods are useful for 

analyzing materials with thicknesses of 5–10 nm74, 75. The G- and D-bands at 1350 and 

1600 cm−1 in the Raman spectra (Figure 46a–46d) were characteristic of sp2-hybridized 

carbon in graphene-like systems. The G- and D-bands in the spectra of the CaTiO3 and 

BaTiO3 nanocrystals were clearly more intense following CO2 thermolysis at 700 K, 

while the intensities of the nanocrystal G- and D-bands in PbTiO3-34.2nm and SrTiO3-

13.9nm were unchanged by CO2 thermolysis. This was additional evidence of CO2 

conversion into solid carbon on the nanocrystals in CaTiO3-12.1nm and BaTiO3-9.1nm. 

However, the broad peaks near 1300 cm−1 in the spectra of CaTiO3-12.1nm and BaTiO3-

9.1nm and the peak near 1500 cm−1 in the spectrum of BaTiO3-9.1nm could not be 

assigned to the G- and D-bands. Raman peaks at 1280 cm−1 and 1490 nm−1 have been 

ascribed to defective diamond45 and disordered sp3-hybridized carbon in diamond46, 

respectively. The peaks near 1300 and 1500 cm−1 were thus attributed to defective 

diamond on the nanocrystals of CaTiO3-12.1nm and BaTiO3-9.1nm. 
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Figure 46. Graphitic carbon and nanodiamond production via CO2 thermolysis on various 

nanocrystals. Raman spectra for the evaluation of surface carbon on (a) PbTiO3-34.2nm, 

(b) SrTiO3-13.9nm, (c) CaTiO3-12.1nm, and (d) BaTiO3-9.1nm. The spectra of carbon 

reference materials are shown below (d). C 1s XPS spectra of (e) PbTiO3-34.2nm, (f) 

SrTiO3-13.9nm, (g) CaTiO3-12.1nm, and (h) BaTiO3-9.1nm. The spectra of the pure 

crystalline materials are included for comparison. 
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C 1s XPS spectra of the CaTiO3 and BaTiO3 nanocrystals were obtained before and 

after CO2 thermolysis. Peaks in the spectra (Figure 46e–46h) following thermolysis 

confirmed the presence of solid carbon products , and weak carbonate peaks were 

observed at 289 eV76 in the spectra of the nanocrystals of SrTiO3-13.9nm, CaTiO3-12.1nm, 

and BaTiO3-9.1nm after exposure to flowing CO2 gas. On the other hand, the C 1s spectra 

of the PbTiO3-34.2nm did not differ. The sp3 carbon peaks appearing at 286 eV in the C 

1s spectra of the BaTiO3-9.1nm and CaTiO3-12.1nm after CO2 thermolysis were ascribed 

to the presence of diamond76. The peak at 291 eV in the spectrum of the BaTiO3-9.1nm 

could be attributed to nanodiamond77, which is rarely observed in typical solid carbon 

materials. These results were consistent with the observed weight changes (Figure 23 and 

28) and the Raman spectroscopy results (Figure 46a–46d). We thus concluded that CO2 

was reduced to graphene and nanodiamond on the surfaces of the BaTiO3 and CaTiO3 

nanocrystals smaller than 13 nm, whereas carbonate was generated from chemisorbed 

CO2 on the SrTiO3 nanocrystals larger than 13 nm. 

The Ba, Sr, Ca, Pb, Ti, and O XPS spectra of BaTiO3, SrTiO3, CaTiO3, and PbTiO3 

nanocrystals are shown in Figures 47-50. The XPS peaks of A-site metals (Ba and Ca) 

were shifted following CO2 thermolysis. On the other hand, the Sr and Pb XPS peaks did 

not shift significantly. This was attributed to the carbon coatings on the BaTiO3 and 

CaTiO3 nanocrystals, which was expected based on the TEM images in Figure 42. The Ti 

2p3/2 peaks indicated the presence of Ti4+ and Ti3+. Ti4+ was present in BaTiO3, and Ti3+ 

arose from oxygen vacancies in both BaTiO3 and PbTiO3 (Figures 47 and 50). The O 1s 

peaks indicated that the amounts of oxygen on the BaTiO3, SrTiO3, and CaTiO3 

nanocrystals increased during CO2 thermolysis. This suggested the chemisorption of CO2 

at oxygen sites, i.e., carbonation. The small COO peaks in the C 1s spectra of the 

nanocrystals before CO2 thermolysis was the result of chemisorption of CO2 in the air. 

On the other hand, the O 1s peaks in the spectra of the PbTiO3 nanocrystals did not change 

significantly. CO2 chemisorption at A-metal sites (Ba and Ca > Sr) through the formation 

of intermediate O species was preferred over chemisorption at Ti sites due to their lower 

adsorption energies78. 
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Figure 47. XPS spectra of BaTiO3 (9.1 nm). The Ba 3d3/2, Ba 3d5/2 and O 1s peaks 

indicated the presence of CO3 after CO2 thermolysis. 
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Figure 48. XPS spectra of SrTiO3 (13.9 nm). The O 1s and C 1s peaks indicated the 

presence of CO3 after CO2 thermolysis. 
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Figure 49. XPS spectra of CaTiO3 (12.1 nm). The Ca 2p1/2, Ca 2p3/2, O 1s and C 1s peaks 

indicated the presence of CO3 after CO2 thermolysis. 
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Figure 50. XPS spectra of PbTiO3 (34.2 nm). 

 

Figure 51a shows the ratios of A-site atoms (Ba, Sr, Ca, Pb) to Ti in the as-synthesized 

nanocrystals calculated from the XPS spectra in Figures 46-50. Ratios greater than 1.0 

indicated that the A-site metals were exposed on the surface rather than Ti atoms. The Ba, 

Sr, and Pb atoms were predominantly exposed on the surfaces, while equal amounts of 

Ca and Ti atoms were exposed. Figure 51b shows the ratios of carbon to A-site atoms 

(C/A) (A =Ba, Sr, Ca, Pb). The ratios were based on increases in the amounts of carbon 

indicated in the XPS spectra of the nanocrystals. The amounts of carbon on the BaTiO3 

and CaTiO3 nanocrystals were 8–50 times larger than those on SrTiO3 and PbTiO3, which 

was additional evidence of CO2 thermolysis on both types of nanocrystals. In addition, 

the amounts of carbon were much larger than expected from the changes in weight ranged 

from 3 g mol−1 to 7 g mol−1 (Figure 25). This resulted from the attenuation of XPS 

photoelectrons by thicker carbon coatings on the surfaces, although the trend was 

consistent. 
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Figure 51. Results of quantitative XPS analyzes of BaTiO3 (9.1 nm), SrTiO3 (13.9 nm), 

CaTiO3 (12.1 nm) and PbTiO3 (34.2 nm). (a) Atomic ratios of A-site species to Ti in the 

as-synthesized nanocrystals. (b) C/A site ratios calculated to evaluate the amounts of 

solid carbon on the nanocrystals. 

 

The thermal conversion of CO2 to graphene and diamond on the titanium perovskite 

nanocrystals is illustrated schematically in Figure 42. TEM images and the associated 

weight changes are shown in the lower part of the figure. Carbon products coated the 

BaTiO3 and CaTiO3 nanocrystals, while few carbon products were observed on the 

SrTiO3 nanocrystals. CO2 chemisorbed on the SrTiO3 nanocrystals in carbonate form. 

Carbonate on nanocrystals less than 13 nm in diameter was thermally reduced to graphitic 

carbon. A simultaneous and/or subsequent reaction produced nanodiamond on 

nanocrystals 9 nm in size. 
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Figure 51. Produced gas detection by mass spectrometry. After CO2 adsorption on 

nano-scaled BaTiO3, temperature programmed desorption was conducted. 

 

 

Produced gas species via CO2 decomposition were detected by mass spectrometry. 

Figure 52 shows the result of temperature programmed desorption measurement. After 

CO2 adsorption on nano-scaled BaTiO3, temperature was increased at 10 K min-1 from 

300 K to 1000 K. Physically adsorbed CO2 desorbed around 400 K, CO and slight O2 

were detected around 800 K. Thus, CO2 was reduced into partially CO and O2 by 

nanoceramics. 

 

In summary, the foregoing results demonstrated CO2 thermolysis at 700 K using the 

titanium perovskite nanocrystals. The reaction amount of CO2 was considerably increased 

when the nanocrystals were smaller than 15 nm and solid carbons like graphene and 

nanodiamond were produced using the nanocrystals smaller than 13 and 9 nm, 

respectively. The reactivity was considerably higher than the other catalysts with 

moderate temperature and pressure (700 K and ambient pressure). Bulk production of 

solid carbons in the TEM, Raman spectroscopy, XPS indicated the high performance of 

CO2 reduction into solid carbons, 0.5% g−1 at 700 K in comparison with the preceding 

reports on CO2 reduction into C1 products, <0.4% g−1 above 1173 K or above 500 K 

above 1 MPa. The perovskite nanocrystals smaller than 13 nm become crucial materials 

for the development of the next generation materials in CCU and also guide to design 

better CCU devices. Further study is required to clarify the mechanism of CO2 

thermolysis and develop catalysts for CO2 thermolysis working at lower temperature. 
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