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Abstract 

Ken Takimoto (2020025) 

Most of the chemical reactions in the world are composed of several elementary reactions. Therefore, even if 

one element is controlled, other elements will affect it, making it difficult to achieve the desired control. For this 

reason, it is common practice to add multiple elements for control, and this makes material design multidimensional. 

However, because the interactions between elements in multidimensional material design are very complex, material 

development to date has mainly been a trial-and-error approach based on intuition and experience. In this 

dissertation, combinatorial materials exploration, which combines materials informatics (MI) and high-throughput 

experimentation (HTE), leads to a new design guideline for materials. The main research results are as follows: 

In Chapter 2, a high-throughput experimental protocol was 

established for yellowing inhibition of transparent plastics on the 

basis of solution film casting on microplates and 

ultraviolet/visible spectroscopic evaluation using a microplate 

reader. The combination of this protocol with a genetic algorithm 

(GA) enabled a large-scale exploration for stabilizer 

formulations. Furthermore, the obtained data were analyzed and 

validated based on decision tree classification and force-directed 

graphs. As a result, we succeeded in deriving a formulation 

design guideline that it is important to formulate as many 

mutually complementary and synergistic stabilizers as possible. 

In Chapter 3, HTE instrument and GA were studied in 

combination. Catalyst design for low-temperature pyrochemical 

reforming of methane was investigated. The vast amount of data 

generated by the high-throughput experiments was subjected to 

various data science techniques to obtain guidelines for catalyst 

design and process optimization. Catalyst exploration revealed 

that the combination of elements belonging to different families, 

mainly Ni and Pd, has a synergistic effect on catalytic 

performance. Visualization using force-directed graphs also 

revealed that it is important to include as many synergistic 

elements as possible in the design of high-performance catalysts. 

In summary, the two verifications achieved a large-scale 

combinatorial search. In addition, it was found that it is very 

important to select and coexist elements that establish synergistic 

effects with each other in the multidimensional material design 

for chemical reaction control. In conclusion, this study has 

demonstrated a new methodology for multidisciplinary material 

design through “Realization of multidimensional 

exploration”, ”Discovery of new combinations” and “Derivation 

of design guidelines”. 

Keywords: combinatorial materials exploration, materials 

informatics, high-throughput experimentation, photo degradation, dry-reforming reaction  

Fig. 1. Materials design guidelines in this dissertation. 
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Preface 

The present thesis is submitted for the Degree of Doctor of Philosophy at Japan Advanced 

Institute of Science and Technology, Japan. The thesis is consolidation of results of the research 

work on the topic “Combinatorial materials exploration for controlling chemical reactions” and 

implemented during April 2020–March 2023 under the supervision of Prof. Dr. Toshiaki Taniike 

at Graduate School of Advanced Science and Technology, Japan Advanced Institute of Science 

and Technology. 

Chapter 1 provides a general introduction of the research field, and accordingly the objective 

of this thesis. Chapter 2 describes the exploration for stabilizer formulations for the control of 

yellowing of polymeric materials and the design guidelines for formulations obtained from 

analysis based on data scientific methods. Chapter 3 The paper describes the exploration for low-

temperature dry reforming catalysts for methane and the design guidelines for the catalysts 

obtained from the analysis based on data scientific methods. Finally, Chapter 4 describes the 

general conclusions of this thesis. The work is original, and no part of this thesis has been 

plagiarized. 
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Chapter 1 

General Introduction 
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1.1. Materials research and development for controlling chemical 

reactions 

Since most chemical reactions are composed of multiple elementary processes, 

fully controlling a chemical reaction is synonymous with controlling all the 

elementary processes in the system. The design of solid catalysts that control 

chemical reactions tends to be multidimensional in terms of their composition and 

structure because the elementary processes that can be controlled by a single design 

parameter are only a part of the chemical reaction, and multiple parameters are 

needed to achieve the necessary control [1–3]. For example, catalysts for CO 

oxidation consist of two or more metals supported on a metal oxide to efficiently 

control elementary processes such as adsorption and activation of O2 and CO 

molecules, and the formation and decomposition of carbonates [4–6]. In additive 

formulations to inhibit the oxidative degradation of polymers, additives such as UV 

absorbers, excited chromophores stabilizers, and metal deactivators that inhibit the 

formation of radicals caused by heat, light, and impurities, primary anti-oxidants 

such as phenolic and hindered amine antioxidants that scavenge the generated 

radicals, and secondary antioxidants such as phosphorus and sulfur based 

antioxidants that decompose peroxides are employed in combination [7]. Since the 

way that a material interacts with chemical reactions is extremely complex, the 

research and development for the materials that control chemical reactions has 
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largely relied on a trial-and-error approach based on researchers’ intuition and 

experiences. However, multidimensional material design leads to e an enormous 

number of potential materials to be tested for a desired purpose. 

 

1.2. Combinatorial approach 

To the challenge of materials research and development for controlling 

chemical reactions, a systematic approach for combinatorial exploration in chemistry, 

called combinatorial chemistry, has been established since the 1990s. This is an 

effort to find the combination with the best performance or to discover universal 

knowledge such as common characteristics (combination rules) of combinations by 

searching a parametric space consisting of combinations of compounds in library 

using efficient means such as high-throughput experimentation (HTE). 

Combinatorial chemistry is a method that has expanded from the field of drug 

discovery to the field of materials science. In drug and ligand development, 

combinatorial chemistry can be applied to optimization as well as discovery of new 

substances. However, in materials science, it is mainly applied to optimization. 

 

1.3. Materials informatics 

Efficient control of most chemical reactions requires the control of many factors, 
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which is usually too complicated to implement solely based on human considerations. 

Therefore, a trial-and-error approach based on human intuition and experience has 

continued to the present day. 

In recent years, there has been remarkable progress in materials informatics (MI), 

which is a field that combines materials science and data science to inductively extract 

correlations and laws between material performance and structure from systematically 

accumulated data, and to derive new design guidelines for target materials. Thus, in order 

to realize MI, various elements are required, including a platform for accumulating all 

kinds of data on materials, data analysis, and machine learning (Fig. 1.1) [8]. Although 

MI is making rapid progress in terms of methods, the current situation is that it has by no 

means led to the development of materials that can have an impact on the world. The 

main reason for this is the lack of sufficient material data with quality and quantity.  
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Figure 1.1. The knowledge discovery workflow for materials informatics. The overall 

goal is to mine heterogenous materials databases and extract actionable processing-

structure-property-performance linkages to enable data-driven materials discovery and 

design. Reproduced from Ref. [8]. 

 

1.4. High-throughput screening 

With the urgent need to develop new materials to realize a sustainable society, it has 

become important how to develop highly functional materials efficiently in a short period 

of time. However, most material development is conducted using methods that rely on 

trial and error. Using this approach, various materials have been discovered over a long 

history, making new discoveries increasingly difficult. To overcome this situation, it is 



Chapter 1 
 

6 
 

necessary to examine efficient methods of material development and to speed up research. 

In recent years, there has been growing interest in high-throughput experiments 

(HTE), in which the synthesis and evaluation of large quantities of materials are handled 

by highly automated and parallelized equipment [9,10]. HTE, which has developed in the 

field of drug discovery, has extended beyond drug discovery into the field of materials 

science, such as catalysis and polymers. For example, Dai et al. designed a CCD image 

analysis system and a photocatalytic reactor for UV light, screened a library of catalysts 

for photocatalysis, and found that TiO2, ZrO2, Nb2O5, and WO3 are highly active catalysts 

[11]. 

 

1.5. Genetic algorithm 

Evolutionary methods are methods that mimic the evolutionary process of living 

organisms and aim for optimization by changing and selecting data structures. Based on 

the idea that living organisms solve specific optimization problems in the process of 

evolution, genetic algorithms (GA) are a typical example of such methods that aim to 

realize efficient computational systems. GA is an algorithmic version of Darwin's theory 

of evolution (Figure 1.2), and its greatest strength is its ability to efficiently conduct 

systematic searches without prior knowledge. GA is a process in which the best 

individuals in a population survive and others are eliminated, as shown in Figure 1.2. The 

population evolves and is eliminated as it repeats crossover, in which genes among 
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individuals are combined to produce new individuals, and mutation, in which some of the 

genes of an individual mutate, and approaches an optimal solution [12]. 

 

 

Figure 1.2. Darwin's theory of evolution. 

 

1.6. Degradation of polymeric materials 

Degradation that occurs during the molding process and use of polymeric materials 

gradually changes their physical properties, such as mechanical and optical properties 

[13,14]. Degradation mechanisms depend on the type of polymer material and the 

environment in which it is used, but are mostly categorized as thermal oxidative 

degradation, photo degradation, hydrolysis, or a combination of these factors [15–17]. It 

is the combined action of these factors that complicates the degradation of polymeric 

Natural selection
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materials. 

 

1.6.1. Reaction mechanism of photo degradation 

The physical properties of polymeric materials are significantly degraded by solar 

irradiation during outdoor use [18]. In particular, yellowing caused by photo-degradation 

is a major problem for glass substitute materials such as poly bisphenol A carbonate (PC), 

polystyrene (PS), and polymethyl methacrylate (PMMA) [19–21]. photo degradation of 

polymers can be broadly classified into two main categories: singlet oxygen oxidation, 

which proceeds by direct reaction of singlet oxygen with the substrate, and autoxidative 

degradation reactions, which involve repeated formation of radicals and their binding to 

oxygen. 

The formation of singlet oxygen results from the quenching of the excited state of 

the sensitizer. Hydroperoxide is formed and decomposes, leading to chain scission and 

carbonyl group end formation [22]. 

As shown in Figure 1.3, autoxidative degradation occurs when oxygen reacts with 

alkyl radicals generated by heat or light to form peroxy radicals, which scavenge 

hydrogen from other polymer chains to form hydroperoxides. When this hydroperoxide 

is decomposed, new alkyl radicals are generated, which accelerate degradation through a 

chain reaction. Through these mechanisms, polymers undergo a series of chemical 

reactions, including cleavage of molecular chains, formation of cross-links and carbonyls, 
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and oxidation by radical species generated by autoxidative degradation, resulting in 

yellowing and cracking of polymer materials [23]. 

 

 

Figure 1.3. Mechanism of autoxidative degradation. 

 

1.6.2. Stabilizers to suppress degradation 

In order to control the degradation of polymeric materials, stabilizing agents are 

generally added to polymeric materials [24–26]. In other words, the durability of the 

polymeric materials is designed by adding stabilizers selected according to the 

degradation mechanism. Stabilizers are classified into radical chain initiation inhibitors, 

radical supplements, and peroxide decomposition agents, depending on the phase in 

which they act on autoxidative degradation. The radical chain initiation inhibitors prevent 

the initiation of autoxidative degradation by preventing the formation of radicals in 

advance, which are the starting point of radical chain reactions (autoxidative degradation). 
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Major radical chain initiation inhibitors include metal deactivators, UV absorbers, and 

quenchers [27–29]. The radical supplements play a role in breaking chain reactions by 

trapping radicals formed in polymeric materials. Phenolic antioxidants and hindered 

amine light stabilizers (HALS) are major radical supplements [30,31]. Peroxide 

decomposition agents decompose hydroperoxides generated from peroxyl radicals, 

preventing them from radical cleavage and initiating chain reactions. Major peroxide 

decomposers include phosphorus antioxidants and sulfur antioxidants [32,33]. 

As shown in Figure 1.4, HALS has a basic structure of 2,2,6,6-tetramethylpiperidine 

and has ae function of scavenging radicals generated from polymers due to 

photodegradation, with nitroxyl radical compounds as the main active species [34]. 

However, the detailed mechanism is still under debate due to the complex mechanism of 

photo-degradation and the small amount of HALS added in a polymer. It is known that 

HALS having the N-H form cannot perform well in stabilizer formulations that involve 

acidic substances. For this, N-OR type HALS has been developed, which is less basic and 

hence, is usable in the presence of acidic substances. 
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Figure 1.4. Stabilization mechanism by HALS. 

 

UV absorbers have a variety of basic skeletons, and their structures differ in terms 

of the absorption wavelength and the mechanism of mitigating absorbed light energy. 

Figure 1.5 shows the generally accepted mechanism for the most widely used 

benzotriazole UV absorbers, where intramolecular hydrogen bonding is involved [35]. 

Absorption of UV light results in an excited state S1, followed by a polarized structure 

S1' and then returning to the ground state S0, mainly by the release of thermal energy and 

subsequent H+ transfer. Triazine, benzophenone, and salicylate systems also work by 

similar relaxation mechanisms [36,37]. On the other hand, UV absorbers without 

R'OH

ROOH

Olefin

ROOH

ROOH

ROOH

ROOH
hv

hv



Chapter 1 
 

12 
 

intramolecular hydrogen bonds, such as cyanoacrylates, mitigate light energy to a greater 

degree by emission [38]. 

 

 

Figure 1.5. Mechanism of an UV absorber quenching light adsorbed. 

 

Phenolic antioxidants scavenge the peroxyl radicals generated by autoxidative 

degradation and convert them to hydroperoxides, by which they turn into phenoxy 
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radicals. Phenoxy radicals become carbonyl groups and generate radicals on aromatic 

rings (Figure 1.6a) [39]. The radicals produced are stabilized by combining with peroxide 

radicals. Thus, phenolic antioxidants reduce a chance of hydrogen withdrawal from 

polymer chains by efficiently generating hydroperoxides from peroxyl radicals, which 

works to inhibit the progression of degradation. Phenolic antioxidants are classified into 

hindered, semi-hindered, and less hindered types. With respect to reactivity with peroxy 

radicals, the less hindered type is the most effective, while the opposite is true for the 

stability of the phenoxy radicals generated by itself: the hindered type is the most stable 

(Figure 1.6b). 

 

 

Figure 1.6. (a) Mechanism of stabilization by phenolic type anti-oxidants, and (b) 

different types of phenolic anti-oxidants: (ⅰ) hindered, (ⅱ) semi-hindered, and (ⅲ) less-

hindered types. 
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1.6.3. Stabilizer formulation 

Stabilizers are commonly added by polymer producers to give raw polymers 

durability for the processing or during the processing to give durability as a product. They 

are used mostly in combination, or as stabilizer formulations, Because combining 

different types of stabilizers can produce synergistic effects that exceed the sum of the 

effects of the stabilizers alone [40–42]. However, it is known that the combination of 

different stabilizers leads to not only synergistic effects but also antagonistic effects. 

Unfortunately, the interaction of stabilizers during degradation is extremely complex, and 

the outcome of combination are currently unpredictable.  

 

1.7. Dry-reforming reaction of methane (DRM) 

Fossil fuels are our primary source of energy, but the depletion of fossil fuels due to 

increasing energy demand has become a very serious problem [43]. Therefore, in recent 

years, methods to produce fuels and chemical products using available resources such as 

natural gas have been desired. 

The dry reforming reaction (DRM) of CH4 is a catalytic reaction that converts CH4 

and CO2 into synthetic gas called syngas, which can be used as a starting point for 

synthesis of chemical products [44]. CO2 is the most important greenhouse gas resulting 

from anthropogenic activities. In addition, since CH4 is 21 times more effective than CO2 

in raising atmospheric temperature [45], it is required to be reduced as a countermeasure 
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against global warming and climate change. DRM is attracting attention from the 

viewpoint of effective use of natural gas and deterrence of global warming, because it is 

a reaction that not only reduces CH4 and CO2 emissions into the atmosphere but also 

converts them into synthesis gas, a valuable product. 

 

1.7.1. Reaction mechanism of DRM 

In the DRM process the following reactions can occur, 

CH4 + CO2 → 2H2 + 2CO             (1.1), 

2CO → CO2 + C                (1.2), 

CH4 → 2H2 + C                (1.3), 

H2 + CO2 → H2O+ CO              (1.4). 

The last three reactions, called the Boudouard reaction, methane cracking, and the reverse 

water gas shift reaction, respectively, are the side reactions in DRM, which have 

detrimental effects such as carbon formation and catalyst deactivation [46]. It has been 

found that this reaction does not react independently below 640 ºC and that the side 

reactions, boudoir reaction and reverse water gas shift, occur frequently between 633 and 

700 ºC. To minimize these side reactions, the DRM reaction occurs primarily at 

temperatures above 700 °C [47]. However, theoretical thermodynamic calculations report 

that the DRM reaction at 300 °C can yield conversion rates of up to about 60% for 

methane and about 50 % for carbon dioxide. It is also theoretically possible to produce 
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hydrogen at 100 °C and carbon monoxide at 300 °C [48]. 

1.7.2. Catalysts of DRM 

For the implementation of DRM at an industrial scale, base metals should be selected 

from a cost perspective [49]. It has been shown that DRM under high conversion 

conditions of methane and carbon dioxide requires temperatures of at least 700°C. 

However, most catalysts have the challenge of being susceptible to deactivation by 

sintering or coking, and the performance of DRM catalysts depends on a variety of factors, 

including the active metal (type, reduction, particle size), the support (support type, 

surface area, acidity, basicity, oxygen storage capacity), and the interaction of the two 

[50–54]. 

Various active metals have been investigated. Noble metals, such as Pd, Rh, Ru and 

Ir are known to be highly active with little coking [55–58]. Among base metals, Ni and 

Co have been proven to be the most active [59,60]. In particular, Ni is the most preferrable 

in terms of its high activity and low costs. Though Co is considered less active than Ni 

due to weak metal-support interactions Ni-Co catalysts have been studied extensively due 

to their high coking resistance. 

 

1.8. Aim of thesis 

Human beings have discovered many new materials over a long period of time. In 
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the early stages of such discovery, the focus of research is concentrated on a specific 

material, new findings are brought one after another, and significant functional 

improvements occur. However, once the research progresses to a certain level, only 

gradual improvements can be expected thereafter, and the research eventually stagnates. 

To break through this stagnation and bring about breakthroughs in research, it becomes 

essential to discover materials using new and different approaches. In this thesis, I aim to 

explore multidimensional materials for controlling chemical reactions by combining 

combinatorial materials science and materials informatics to conduct an ultra-

multidimensional exploration and find a combinatorial rule to guide materials design 

from a data science perspective. By conducting research for different material systems in 

different fields, such as stabilizer formulations to control yellowing of polymers and low-

temperature dry reforming catalysts for methane, I aim to prove that the methodology 

proposed in this thesis is universally effective for similar materials designs. My research 

is mainly comprised of the following three chapters: 

In Chapter 2, by establishing an efficient formulation exploration method using a 

microplate method and the genetic algorithm, a systematic exploration for stabilizer 

formulations to inhibit light-induced yellowing of transparent plastics was achieved. 

Furthermore, the obtained dataset was analyzed to learn in detail synergistic combinations 

of stabilizers that improve the durability of polymers, leading to guidelines for 

formulation design. 

In Chapter 3, a multi-elemental catalyst design for low-temperature DRM was 



Chapter 1 
 

18 
 

explored using a combination of high-throughput experimentation and the genetic 

algorithm. The experimental data obtained were analyzed using various data science 

techniques to derive guidelines for low-temperature DRM catalyst design. 

In Chapter 4, describes the general conclusions of this thesis. 
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Abstract 

In this chapter, a high-throughput experimental protocol was established for 

yellowing inhibition of transparent plastics on the basis of solution film casting on 

microplates and ultraviolet/visible (UV/Vis) spectroscopic evaluation using a microplate 

reader. A combination of the protocol and a genetic algorithm realized a large-scale 

exploration of stabilizer formulations that consist of commercially available hindered 

amine stabilizers and UV absorbers, etc. The found formulations were highly effective in 

inhibiting the photo-induced yellowing of polystyrene, compared to the most efficient 

single stabilizer at the fixed concentration. The obtained data, which corresponded to 

seven years of aging (when sequentially acquired), were analyzed and validated based on 

decision tree classification, force-directed network visualization, and so on. A formulation 

design guideline was successfully derived that it is essential to combine as many 

stabilizers that are complementary and synergistic with each other as possible. 

 

Keywords: stabilizer formulation, light-induced yellowing, transparent plastics, high-

throughput experimentation, genetic algorithm, force-directed graph, synergism 
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2.1. Introduction 

In imparting practical durability to polymeric materials, a combination of synergistic 

stabilizers called a stabilizer formulation is essential [1–4]. However, a design of 

stabilizer formulations is hard to generalize, and systematic research has been hampered 

due to a low throughput of durability tests and a huge number of potential combinations 

[5,6]. In a recent study, Taniike et al. have proposed a solution to the problems, which is 

based on a combination of high-throughput chemiluminescence imaging for durability 

tests and a genetic algorithm for combinatorial optimization [7]. This allowed them to 

find new formulations that significantly improve the durability of polypropylene in a 

high-temperature oxidative degradation, out of a huge parameter space consisting of 107 

formulations [8]. Here, I report a novel high-throughput experimental protocol and a 

genetic algorithm for efficient discoveries of stabilizer formulations to inhibit a yellowing 

of transparent plastics during photo aging. 

Transparent plastics, such as polymethyl methacrylate (PMMA), polycarbonate (PC), 

and atactic polystyrene (PS), are amorphous polymers with high transparency and Abbe 

number [9–11]. They are used as alternatives to inorganic glass due to their advantages 

of transparency, processability, light weight, and low cost. On the other hand, the 

weaknesses of transparent plastics are their low scratch hardness and heat resistance, as 

well as their susceptibility to the yellowing [12–14]. In particular, the yellowing due to 

outdoor exposure directly damages the high transparency, so its suppression for a long 
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term is highly desired. Generally, the yellowing of transparent plastics is caused by the 

formation and accumulation of chromophores, such as ethylene and carbonyl groups, in 

the polymer structure due to the progress of photo degradation [15,16]. In addition, it is 

known that the yellowing is intensified when the above chromophores coexist with 

hydroxy and carboxyl groups [17,18]. This problem is exclusively addressed by an 

addition of stabilizers. Although the basic strategy is to add a larger amount of stabilizers 

with higher efficacy, there are limitations to increase the amount of the addition, so the 

development of synergistic formulations is essential [19–21]. 

In this chapter, I developed a high-throughput experimental protocol consisting of 

the following two processes, in order to efficiently explore stabilizer formulations 

regarding the yellowing inhibition. First, cast films containing different formulations are 

prepared on glass 96 well-microplates, and the microplates are directly subjected to a 

photo irradiation, which enables simultaneous photo aging of a large array of samples. 

Then, the yellowing of the large array of samples is rapidly determined by subjecting the 

microplates after the irradiation to a microplate reader. For example, in this chapter, three 

microplates were used to simultaneously evaluate the yellowing resistance of as many as 

288 samples in a single test. By combining this high-throughput experimental protocol 

with a genetic algorithm [22,23], I conducted non-empirical exploration of stabilizer 

formulations that can suppress the yellowing of atactic PS without increasing the addition 

amount. Furthermore, the obtained big data corresponding to seven years of photo aging 

was analyzed in order to understand common features of high-performing formulations 
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as well as rules of making synergistic combinations. 
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2.2. Experimental 

2.2.1. Materials 

Atactic PS pellets (Mw = 19.2 × 104) were purchased from Sigma-Aldrich. They were 

dissolved in dichloromethane and recovered by precipitation from methanol to remove 

additives contained in original pellets. Figure 2.1 shows a stabilizer library. A total of 24 

stabilizers were provided by ADEKA, Toyotsu Chemiplus, and Clariant. They were 

selected from common UV absorbers (UVAs), hindered amine light stabilizers (HALSs), 

and phenolic antioxidants, and are colored in Figure 2.1 according to their respective 

categories. In general, the anti-coloring effect of UVAs for aromatic resins follows in the 

order of benzotriazole ≈ triazine > benzophenone, while the compatibility is higher for 

benzophenone > benzotriazole ≈ triazine. Among HALSs, the thermal stability is in the 

order N–H ≈ N–R > N–OR, while the stability to an acidic substance is in the order N–

OR > N–H ≈ N–R [24]. 
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Figure 2.1. Library of stabilizers. The numbers in parentheses correspond to the gene 

codes used in the genetic algorithm. The colors correspond to the group of stabilizers: 

dark blue, benzotriazole type; blue, triazine type; light blue, benzophenone type; purple, 

other types; dark red, N–H type; red, N–R type; light red, N–OR type; black, hindered 

phenol; gray, semi-hindered phenol; light gray, less-hindered phenol. 

LA-32 (0) LA-36 (1) LA-29 (2) LA-24 (3) LA-46 (4) Tinuvin 477 DW (5)
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2.2.2. Methodology 

2.2.2.1. Microplate method 

The high-throughput experimental protocol proposed in this chapter consists of the 

preparation of a large number of cast films on microplates and a quick determination of 

the photo-induced yellowing of these films using a microplate reader.  

2.2.2.2. Film preparation 

83 µL of a solution containing PS and stabilizers was cast into each well of a 96-

well glass bottom microplate (BMB-1, BM Equipment). The microplate was dried for 12 

h at room temperature to obtain 96 cast films with the thickness of 100 µm. Individual 

solutions were prepared by dissolving 0.10 g of stabilizer-free PS and a specified amount 

of stabilizers or their formulations in dichloromethane (3.9 g) at room temperature. Apart 

from this, self-standing films with the thickness of 100 µm were also prepared for 

validation experiments. The films prepared on petri dishes were peeled off after 

immersing in water for 4 h. The obtained films were dried in vacuum at 60 °C for 4 h. 

2.2.2.3. Photo aging 

Photo aging was performed using a xenon lamp accelerator SUNTEST CPS+ (Atlas). 

Either the microplates or self-standing films were placed in the chamber and irradiated 

typically for 300 h, during which the power of the irradiance was fixed at 550 W/m2 and 

the black panel temperature was set to 83 °C. The black panel temperature indicates the 

temperature of the polymer exposed to sunlight, which can reach over 80 °C in the 
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summer season. 

2.2.2.4. Characterization 

Discoloration due to the light exposure was evaluated by UV/Vis absorption 

spectroscopy. In case of the microplates, a microplate reader (Epoch 2, BioTek) was used 

with a wavelength range of 300–800 nm. The spectrum of the blank microplate was 

subtracted as the background. 

UV/vis spectra of the self-standing films were acquired on a V770 spectrometer 

(JASCO). Fourier transform infrared spectra of the films were recorded in attenuated total 

reflection (ATR) mode by using a Spectrum 100 spectrometer (Perkin-Elmer). 

 

2.2.3. Exploration of stabilizer formulations 

Figure 2.2 represents the methodology used to explore stabilizer formulations. The 

parametric space explored in this chapter consists of 92,561,040 formulations that can be 

created by combining any 10 of the 24 stabilizers in the library with duplications allowed. 

The amount of a formulation added to polystyrene is 0.050 wt%, which is equal to 0.005 

wt% multiplied by 10 selections. The amount of a specific stabilizer in the formulation is 

expressed as 0.005 × n wt%. where n is the number of selections. In the following, the 

details of the methodology are described in three steps as shown in Figure 2.2. 

Step 1: Preparation 

Preparation of polystyrene cast films containing given formulations is carried out. 
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Formulations are obtained by random selection in the case of the 0th generation and by 

genetic operators thereafter. The preparation of cast films on microplates is described in 

2.2.2.2. A total of 288 cast films, consisting of 8 films (N = 8) by 36 formulations were 

prepared using three 96-well microplates. 

Step 2: Evaluation 

The three microplates are placed in the sun tester and photo degradation tests are 

carried out as described in 2.2.2.3. UV/vis absorption characteristics of the films after 300 

h of irradiation are acquired on the microplate reader as described in 2.2.2.4. The change 

in absorbance at 400 nm before and after irradiation was used as an index of the yellowing. 

The inverse of the absorbance at 400 nm averaged over N = 8 was used to represent the 

performance of a formulation. The fitness within the genetic algorithm is given according 

to the following equation, 

𝜌𝑖  =  
1/Abs𝑖 − 1/Abs𝑚𝑎𝑥

1/Abs𝑚𝑖𝑛 − 1/Abs𝑚𝑎𝑥
             (2.1), 

𝑓𝑖  =  exp (3𝜌𝑖)               (2.2), 

where 1/Absi, 1/Absmin, and 1/Absmax are the inverse of the absorbance at 400 nm for the 

ith, the best, and the worst formulations in a generation, respectively. fi is the fitness of the 

ith formulation. 

Step 3: Evolution  

Genetic operators were implemented to create formulations of the next generation. 

In crossover, the stabilizers which were common to two selected parent formulations were 

inherited, and the non-common parts were randomly inherited from either of the parent 
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formulations. In mutation, 10 or 20% of the stabilizers in a selected parent formulation 

were replaced by stabilizers randomly drawn from the library. The parents were selected 

by a roulette method using a fitness as a weight. 22 formulations by crossover, 3 

formulations by mutation, 8 formulations by elitism, and 3 random formulations created 

as in the 0th generation led to 36 formulations for the next generation. 

 

 

Figure 2.2. Scheme of the exploration of stabilizer formulations based on the genetic 

algorithm. The scheme consists of three steps: preparation of cast films on microplates, 

evaluation of their yellowing resistance, and evolution of formulations. Stabilizer 

formulations are defined as combinations of 10 stabilizers, which are expressed by the 

gene codes shown in Figure 2.1. 
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2.2.4. Data analysis 

In this chapter, a total of 259 formulations were obtained, excluding duplicates due 

to elite preservation. This is equivalent to 2590 selections of stabilizers and 11655 

selections of binary combinations. The analysis of such a large dataset was conducted to 

derive insights into a formulation design and a synergism among stabilizers. Most of the 

analyses can be performed without any special software. The decision tree analysis was 

implemented using the scikit-learn library in python [25]. Gephi was used for visualizing 

the interaction among stabilizers. The details of each analysis are described in the 

corresponding part of Results and Discussion [26,27]. 
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2.3. Results and discussion 

2.3.1. Establishment of a microplate method 

In this chapter, I propose a high-throughput experimental protocol called a 

microplate method to evaluate the photo-induced yellowing of transparent plastics. In this 

protocol, cast films prepared on microplates are directly irradiated with light, and the 

UV/Vis absorption of the films is evaluated by a microplate reader. In order to establish 

such the protocol, the photo degradation behavior of unstabilized PS was first compared 

between microplate-casted films and self-standing films having the identical thickness 

(Figure 2.3).  

The IR and UV/vis spectra of the self-standing PS film were tracked every 50 h of 

light irradiation, and are shown in Figures 2.3a and 2.3b, respectively. In the IR spectra, 

the absorbance of the stretching vibration of methine (1494 cm−1) decreased along with 

the irradiation time, and this accompanied an increase in the absorbance of C=O at 1734 

cm−1. This corresponds to the C–H cleavage at tertiary carbons in PS and the formation 

of C=O groups mediated by the decomposition of peroxide radical intermediates [28]. In 

the UV/Vis spectra, the absorbance below 450 nm increased along with the irradiation 

time. This reflects the formation of chromophores such as hydroperoxides, carbonyls, 

unsaturated bonds, and so on [28]. Chromophores are functional groups for the 

discoloration of polymers, and when auxiliary chromophores such as amino and carboxyl 

groups coexist with chromophores, the discoloration can be largely promoted [29]. 
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Following these results, the progress of photo degradation of the self-standing PS was 

plotted using two markers (Figure 2.3c): increases in the absorbance of C=O in IR and in 

the absorbance at 400 nm with respect to the unirradiated film. The former is widely used 

as a marker for the oxidative degradation of polymers. The latter is an indicator of the 

yellowness. In Figure 2.3c, both of the markers exhibited similar exponential increase 

with the irradiation time, as these changes are consequences of the same auto-oxidation. 

Figure 2.3d compares the increase in absorbance at 400 nm upon photo irradiation 

between the self-standing and microplate-casted films. This verified that the films 

prepared on the microplate underwent a similar photo degradation as the self-standing 

films. 
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Figure 2.3. Comparison of the photo degradation of self-standing and microplate-casted 

PS films. a, b) Changes in the IR and UV/Vis spectra of the self-standing films along with 

photo irradiation. c) Increases in the absorbance of C=O and in the absorbance at 400 nm 

are plotted against the irradiation time for the self-standing film. d) Increase in the 

absorbance at 400 nm upon photo irradiation for the microplate-casted films compared to 

that of self-standing films. 

 

2.3.2. Evolution of formulations 

Figure 2.4 plots the evolution of the best and average performance of formulations 

along with the generation. The performance of the formulations was determined on the 

basis of the absorbance at 400 nm of PS after 300 hours of light exposure. Within 9 

generations, the best performance and average performance improved 2.7 times and 3.6 

times, respectively. When each of the 24 stabilizers in the library was added to PS at the 

maximum concentration (0.05 wt%), Tinuvin PA 144 (No. 15) showed the best 

performance (Figure 2.5). From Figure 2.4, it can be seen that most of the formulations 

perform much better than that of Tinuvin PA 144 (No. 15). This fact clearly indicates the 

importance of synergistic combinations for the yellowing suppression. 
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Figure 2.4. The evolution of the best and average performance of formulations along with 

the generation. The performance of a stabilizer formulation was evaluated as 1/Abs during 

photo degradation of PS after 300 h irradiation. Control corresponds to PS without 

stabilizer, and Tinuvin PA 144 (No.15) shows the highest performance as an individual 

stabilizer in the library. 

 

 

Figure 2.5. Performance of the 24 stabilizers in the library. Films containing only one 
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stabilizer at 0.050 wt% were prepared on a microplate and the performance was 

determined with the absorbance at 400 nm after 300 h of light exposure. The right axis 

corresponds to the population of each stabilizer in the last generation of the genetic 

algorithm. A low R2 value indicates little correlation between the performance of 

stabilizers on their own (the left axis) and being selected in the genetic algorithm (the 

right axis). 

 

2.3.3. Formulations and their performance 

A total of 259 formulations were obtained as a result of evolution over 8 generations 

(note that duplicates due to the elitism are not counted). Table 2.1 lists the 259 

formulations and their performance. The formulation code, Gx-y, refers to the yth best 

formulation in the xth generation. There are 10 genes per formulation, and the value in 

each gene corresponds to the number of stabilizers as defined in Figure 2.1. Table 2.2 lists 

the 10 best performing formulations out of the 259 formulations. It can be seen that these 

formulations commonly contain certain stabilizers: LA-87 (No. 9), LA-63P (No. 16), 

Tinuvin 123 (No. 20) > Tinuvin 477 DW (No. 5), LA-57 (No. 11), LA-81 (No. 19) > LA-

32 (No. 0) in the order of the frequency of appearance. A breakdown by the type of 

stabilizers is LA-87: HALS (N–H), LA-63P: HALS (N–R), Tinuvin 123: HALS (N–OR), 

Tinuvin 477 DW: UVA (triazine), LA-57: HALS (N–H), LA-81: HALS (N–OR), and LA-

32: UVA (benzophenone). Thus, many of the stabilizers frequently contained in good 
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performing formulations belong to different types, which suggests the complementary 

action of different types of stabilizers in inhibiting the photo degradation. A similar result 

was obtained in the thermo-oxidative degradation of PP [6]. On the other hand, LA-86 

and LA-57, which were selected from the same N–H type, differ significantly in the 

molecular weight. This likely corresponds to a well-known synergism between a high 

molecular weight HALS with a superior retainability and a low molecular weight HALS 

with a superior mobility [30-32]. 

 

Table 2.1. List of formulationsa. 

Formulation codea Stabilizersb 1/Absc 

G0-1 1 2 2 2 6 9 9 10 10 20 39.6 

G0-2 2 6 8 9 13 14 17 17 20 21 35.4 

G0-3 1 4 4 4 9 16 18 18 20 22 29.4 

G0-4 1 8 8 11 11 14 14 15 16 21 23.5 

G0-5 0 3 9 13 16 16 18 19 20 20 20.7 

G0-6 0 1 1 2 4 9 9 11 18 20 19.8 

G0-7 0 0 1 1 9 13 15 16 17 17 19.2 

G0-8 7 10 10 13 17 19 21 21 22 23 19.1 

G0-9 1 1 1 9 9 11 13 14 16 17 18.6 

G0-10 1 2 3 3 3 11 13 14 18 21 18.1 

G0-11 3 6 10 14 16 17 18 18 20 23 17.8 

G0-12 2 5 5 9 13 15 17 18 19 21 17.7 

G0-13 1 4 5 7 14 15 16 17 21 21 15.8 

G0-14 2 2 4 5 9 10 14 19 19 20 15.6 

G0-15 1 1 5 9 10 10 13 16 16 22 15.5 

G0-16 1 2 5 8 11 16 16 20 22 22 15.4 

G0-17 3 4 7 9 10 12 18 19 21 22 15.3 

G0-18 0 0 2 6 8 13 15 15 20 20 15.3 

G0-19 0 4 6 9 10 10 12 14 17 22 14.8 

G0-20 0 0 4 6 11 14 14 15 20 22 14.8 

G0-21 3 5 6 10 11 15 18 19 20 23 14.1 

G0-22 0 7 12 15 16 17 17 17 18 22 14.1 

G0-23 1 2 2 2 8 9 10 12 18 21 13.3 

G0-24 0 1 2 6 12 13 14 15 22 23 13.2 

G0-25 2 2 6 7 11 12 15 16 20 21 12.5 

G0-26 1 4 5 10 12 15 15 18 22 23 12.2 
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G0-27 1 7 11 17 17 20 20 20 21 23 11.6 

G0-28 0 2 2 4 5 11 13 14 14 23 11.3 

G0-29 8 8 11 13 14 17 17 19 20 20 11.2 

G0-30 3 9 10 14 17 19 20 22 23 23 10.1 

G0-31 0 3 4 5 7 18 18 19 23 23 10.0 

G0-32 0 5 8 10 13 16 19 20 23 23 9.2 

G0-33 1 3 5 6 6 7 11 12 12 19 8.7 

G0-34 0 6 6 7 8 16 16 17 19 23 8.1 

G0-35 0 2 3 3 4 5 7 8 16 22 6.1 

G1-1 0 0 5 5 11 13 15 15 15 23 47.6 

G1-2 1 2 2 8 8 9 10 12 18 21 44.9 

G1-3 2 2 2 6 9 9 10 17 20 21 44.4 

G1-4 1 2 5 8 11 16 19 20 22 22 44.0 

G1-5 1 2 4 9 14 14 14 16 16 17 40.8 

G1-6 1 1 2 7 9 15 16 18 18 20 37.2 

G1-7 2 6 8 9 12 13 14 18 20 21 36.5 

G1-8 1 1 1 4 5 5 9 10 15 18 34.8 

G1-9 0 1 4 4 9 11 18 18 20 22 34.3 

G1-10 1 1 2 2 2 9 9 9 13 15 34.0 

G1-11 1 2 6 7 7 10 10 17 20 22 33.8 

G1-12 1 2 2 5 7 11 16 16 16 20 33.3 

G1-13 0 1 1 13 14 15 16 17 18 23 32.7 

G1-14 2 6 6 9 9 13 18 18 19 20 32.7 

G1-15 1 10 10 10 11 14 15 16 16 16 29.3 

G1-16 7 11 12 12 16 17 17 18 20 22 29.1 

G1-17 2 6 8 9 13 14 17 17 20 21 28.0 

G1-18 1 4 8 9 9 9 11 16 20 22 26.8 

G1-19 0 2 6 10 10 13 14 14 17 20 26.1 

G1-20 2 8 9 9 9 10 11 11 18 21 24.2 

G1-21 1 1 4 5 5 6 6 11 14 20 23.7 

G1-22 1 2 2 6 9 9 10 14 14 20 22.9 

G1-23 1 2 2 2 6 9 9 10 10 20 22.2 

G1-24 0 1 8 9 11 12 14 16 18 22 21.4 

G1-25 0 3 9 16 18 19 20 20 22 23 15.3 

G1-26 1 5 7 7 10 16 20 20 22 23 14.9 

G1-27 0 3 7 7 7 13 18 19 20 23 13.1 

G1-28 1 1 2 2 2 6 6 11 20 23 12.8 

G2-1 1 2 5 7 11 16 16 16 20 22 47.1 

G2-2 0 4 5 5 9 11 15 17 19 21 40.4 

G2-3 1 2 5 8 11 11 19 20 22 22 38.6 

G2-4 4 5 5 9 12 14 17 19 20 20 32.0 

G2-5 0 9 13 13 16 16 19 19 19 20 30.3 

G2-6 1 2 2 4 9 14 15 16 16 17 29.4 

G2-7 1 5 8 11 15 15 16 20 22 22 29.4 

G2-8 1 1 1 1 4 5 9 10 15 18 28.1 

G2-9 0 1 2 13 14 17 17 18 18 20 27.5 

G2-10 3 3 5 8 13 13 14 20 20 21 27.3 
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G2-11 1 2 8 9 11 16 16 18 19 19 26.4 

G2-12 0 0 5 5 11 13 15 15 15 23 25.0 

G2-13 1 2 6 6 9 9 10 16 20 22 24.0 

G2-14 1 2 2 9 9 13 14 15 20 21 22.4 

G2-15 1 1 1 2 2 4 8 8 9 9 22.0 

G2-16 2 2 2 6 7 10 17 20 21 22 21.9 

G2-17 1 1 8 8 10 12 12 12 15 18 21.3 

G2-18 7 8 8 8 10 12 12 16 18 20 20.8 

G2-19 1 2 2 2 6 7 10 10 17 20 20.8 

G2-20 1 2 2 7 9 9 9 9 10 20 20.0 

G2-21 2 2 6 6 9 14 16 17 20 20 19.4 

G2-22 0 1 1 1 2 5 11 20 22 22 18.5 

G2-23 1 2 6 13 14 15 15 16 18 21 17.7 

G2-24 1 4 9 11 11 14 14 16 22 22 17.1 

G2-25 2 2 2 8 9 10 11 12 18 21 16.4 

G2-26 1 2 4 6 9 9 9 16 16 20 15.4 

G2-27 1 2 2 2 2 6 8 9 10 21 13.5 

G2-28 2 2 9 9 9 9 10 11 11 21 12.3 

G3-1 0 0 0 2 5 9 11 16 19 20 38.5 

G3-2 1 2 2 5 7 11 15 16 16 19 37.9 

G3-3 1 2 7 9 9 16 16 16 20 22 37.6 

G3-4 1 1 1 2 2 9 10 10 16 18 35.4 

G3-5 2 3 7 7 13 14 16 16 19 20 34.5 

G3-6 5 8 9 11 11 15 15 19 20 22 34.0 

G3-7 1 2 2 2 9 9 18 18 20 21 32.4 

G3-8 0 0 1 2 9 15 16 16 19 19 31.5 

G3-9 0 0 4 5 5 9 11 11 19 22 31.0 

G3-10 1 2 2 2 5 11 16 16 20 23 30.5 

G3-11 2 5 7 11 13 13 13 15 16 22 29.0 

G3-12 0 0 0 1 5 12 13 18 20 22 28.8 

G3-13 2 16 16 17 17 19 20 21 21 21 27.4 

G3-14 1 1 5 8 10 12 16 16 18 20 27.3 

G3-15 0 1 2 13 14 17 17 18 18 20 27.0 

G3-16 0 1 2 3 8 10 11 20 20 22 26.9 

G3-17 1 2 5 7 11 16 16 16 20 22 26.8 

G3-18 1 5 9 11 14 14 15 15 17 22 26.7 

G3-19 0 2 9 9 9 13 14 18 19 20 26.1 

G3-20 2 5 12 14 14 16 16 17 17 20 25.7 

G3-21 1 2 10 11 16 16 16 17 20 22 25.2 

G3-22 1 2 2 7 8 10 19 19 20 22 24.0 

G3-23 1 1 8 8 10 10 12 12 14 18 23.8 

G3-24 0 1 3 7 7 7 9 11 14 22 22.8 

G3-25 7 10 10 13 17 18 18 18 21 23 22.0 

G3-26 2 3 7 7 16 16 19 20 22 23 19.6 

G3-27 1 3 5 7 13 16 20 21 21 21 16.4 

G3-28 0 1 1 1 5 5 19 20 20 22 14.4 

G4-1 0 2 5 7 7 11 12 14 15 16 37.7 
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G4-2 0 1 2 7 7 9 10 19 20 22 30.8 

G4-3 0 3 9 13 16 18 19 20 20 23 29.5 

G4-4 0 2 5 7 7 9 11 16 20 22 29.5 

G4-5 0 5 5 9 11 13 13 13 15 19 29.3 

G4-6 1 5 11 12 12 15 16 19 20 20 29.2 

G4-7 4 5 8 9 12 14 17 19 20 21 26.8 

G4-8 0 4 5 9 11 11 17 19 20 21 26.5 

G4-9 2 3 7 11 16 16 19 20 22 23 26.3 

G4-10 0 0 2 9 13 13 18 19 20 23 25.7 

G4-11 1 6 7 12 15 16 20 21 22 23 25.2 

G4-12 1 2 5 10 11 11 16 20 22 22 24.1 

G4-13 3 3 3 6 6 9 18 20 22 23 22.9 

G4-14 0 5 9 15 16 18 18 19 20 21 22.9 

G4-15 2 5 11 16 17 17 17 17 19 20 22.7 

G4-16 0 3 13 14 14 16 17 18 19 20 22.4 

G4-17 1 2 2 4 5 9 9 11 19 22 22.3 

G4-18 0 1 2 3 6 7 12 13 17 22 21.2 

G4-19 0 3 9 13 16 18 19 20 22 23 21.1 

G4-20 0 9 11 11 11 11 13 16 19 20 19.6 

G4-21 2 2 2 5 9 11 12 14 16 17 18.7 

G4-22 7 10 11 13 17 21 21 21 22 23 18.0 

G4-23 1 2 5 10 10 11 16 20 20 23 18.0 

G4-24 2 3 9 13 16 18 19 20 22 22 16.6 

G4-25 1 2 3 3 7 11 16 20 20 22 16.6 

G4-26 9 9 16 17 18 18 18 19 20 21 16.1 

G4-27 0 1 5 9 11 15 17 19 20 21 15.5 

G4-28 5 8 9 11 15 19 20 20 21 22 14.0 

G5-1 0 3 9 13 13 16 18 19 20 23 54.8 

G5-2 0 2 4 5 11 12 14 14 15 16 52.6 

G5-3 0 1 5 9 11 15 16 17 20 21 51.3 

G5-4 1 2 5 5 7 11 16 16 20 22 51.0 

G5-5 0 2 2 9 13 13 13 16 19 20 45.2 

G5-6 0 3 3 7 9 12 13 13 13 16 43.5 

G5-7 2 6 7 16 16 18 18 18 19 21 38.1 

G5-8 3 9 9 10 11 15 17 18 19 21 37.7 

G5-9 0 3 9 13 16 16 18 19 20 22 37.6 

G5-10 0 0 2 5 9 9 11 16 19 20 36.9 

G5-11 0 2 3 13 16 17 18 18 19 20 34.8 

G5-12 2 5 7 10 11 16 19 20 22 23 32.9 

G5-13 5 5 5 7 7 16 18 19 20 22 30.7 

G5-14 0 2 5 11 14 16 19 19 19 20 30.4 

G5-15 0 2 5 7 11 15 16 19 20 22 29.9 

G5-16 0 4 5 11 12 14 16 16 20 20 29.2 

G5-17 0 3 9 16 18 19 20 20 22 23 28.3 

G5-18 0 5 5 9 13 16 18 19 19 20 27.4 

G5-19 0 4 4 5 9 11 13 15 17 19 27.4 

G5-20 2 4 7 9 12 12 14 14 14 15 27.3 
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G5-21 2 5 7 7 7 11 12 14 15 16 24.7 

G5-22 0 2 5 7 9 11 16 19 19 20 22.5 

G5-23 0 2 3 9 13 18 19 20 22 23 22.4 

G5-24 2 4 5 7 16 17 17 20 22 22 21.4 

G5-25 0 1 1 2 11 12 13 16 16 19 20.2 

G5-26 2 5 7 7 11 12 14 16 19 20 19.1 

G5-27 4 4 5 5 9 13 16 17 19 20 18.4 

G5-28 0 2 5 5 9 11 11 11 19 20 18.2 

G6-1 1 2 3 3 3 9 11 16 18 20 54.1 

G6-2 0 0 0 2 5 9 11 16 19 20 45.7 

G6-3 0 2 7 11 15 15 15 16 19 20 39.4 

G6-4 0 2 2 9 11 13 13 16 19 20 38.6 

G6-5 0 0 3 5 9 13 15 18 19 21 38.5 

G6-6 0 4 5 5 9 13 16 18 19 20 31.6 

G6-7 0 5 9 11 11 13 16 18 19 20 31.5 

G6-8 0 2 5 12 12 14 14 16 18 20 30.0 

G6-9 6 7 8 14 14 15 16 18 19 19 29.4 

G6-10 0 1 2 2 9 13 16 20 22 22 28.8 

G6-11 0 2 5 9 11 11 13 16 19 20 28.1 

G6-12 2 5 9 9 9 10 11 19 20 22 26.8 

G6-13 1 5 7 9 9 11 16 17 20 21 26.7 

G6-14 0 5 5 9 11 13 16 17 19 20 26.0 

G6-15 0 2 5 7 7 9 11 12 16 20 25.9 

G6-16 0 3 9 13 16 18 19 20 23 23 25.6 

G6-17 0 0 0 2 11 15 15 17 19 20 25.2 

G6-18 0 2 5 9 11 15 16 17 20 21 25.0 

G6-19 0 2 2 7 9 10 10 13 19 20 23.4 

G6-20 0 9 11 11 16 18 18 19 19 20 22.5 

G6-21 0 0 0 5 9 16 18 19 20 22 21.3 

G6-22 0 9 10 13 15 15 16 18 22 23 20.8 

G6-23 0 3 10 13 13 18 19 20 21 23 19.1 

G6-24 0 0 0 2 5 9 11 14 19 20 19.1 

G6-25 0 1 2 2 5 9 11 16 20 21 19.1 

G6-26 0 1 2 5 5 5 11 13 16 19 18.9 

G6-27 0 2 9 13 16 19 20 23 23 23 17.7 

G6-28 0 3 9 13 16 18 19 20 22 22 17.6 

G7-1 0 3 5 5 5 7 9 11 16 20 60.2 

G7-2 0 2 5 9 10 10 11 16 19 20 58.8 

G7-3 0 5 9 11 11 13 13 16 18 20 49.1 

G7-4 0 2 5 14 14 14 16 18 18 20 49.1 

G7-5 1 2 5 7 9 11 15 16 20 21 47.1 

G7-6 0 5 9 9 11 15 15 16 19 20 45.5 

G7-7 0 5 9 11 15 17 19 19 20 21 44.9 

G7-8 0 11 11 15 16 16 16 18 19 20 44.2 

G7-9 1 3 7 9 11 13 16 16 17 22 42.3 

G7-10 1 2 3 3 3 9 11 16 18 20 41.2 

G7-11 0 0 2 5 9 11 16 19 20 22 41.0 
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G7-12 0 2 5 5 11 15 17 17 19 20 40.6 

G7-13 0 5 9 11 13 13 13 16 19 20 37.4 

G7-14 0 2 5 5 9 11 16 19 20 23 37.4 

G7-15 0 2 5 9 11 15 16 20 21 21 35.1 

G7-16 0 2 5 5 5 9 16 18 19 20 34.8 

G7-17 1 2 3 3 9 11 11 16 18 23 33.3 

G7-18 0 2 9 11 11 11 13 16 19 20 32.0 

G7-19 0 2 7 9 10 10 13 16 19 20 29.2 

G7-20 1 2 3 5 5 11 16 19 20 22 25.7 

G7-21 1 1 2 3 5 11 13 14 20 21 24.8 

G7-22 0 0 2 9 11 11 13 16 19 20 24.8 

G7-23 0 1 1 10 10 13 15 16 20 21 23.9 

G7-24 1 2 3 3 3 9 11 16 18 20 21.7 

G7-25 0 9 10 10 10 13 16 22 22 23 21.5 

G7-26 0 9 11 11 13 13 16 18 19 20 20.1 

G7-27 0 5 9 11 11 11 13 16 19 20 19.6 

G7-28 0 2 4 4 6 7 10 21 21 23 16.6 

G8-1 0 3 5 9 13 16 18 18 19 20 106.1 

G8-2 0 3 5 9 9 11 15 16 19 20 98.8 

G8-3 0 9 11 13 15 15 16 18 19 20 98.6 

G8-4 0 2 5 9 9 11 11 16 18 20 93.3 

G8-5 0 1 5 9 11 15 16 17 19 20 87.5 

G8-6 1 2 5 7 9 11 15 16 20 21 81.6 

G8-7 0 3 3 3 5 9 11 16 19 20 78.7 

G8-8 0 2 5 9 10 10 11 16 19 20 73.7 

G8-9 0 3 3 5 7 9 10 11 16 20 73.4 

G8-10 1 2 5 9 11 15 16 19 20 21 70.0 

G8-11 0 2 4 5 11 14 16 18 20 20 66.7 

G8-12 0 2 4 4 4 4 6 7 15 23 63.1 

G8-13 1 2 7 9 11 15 16 18 20 21 60.6 

G8-14 2 8 9 15 17 19 20 20 21 21 58.8 

G8-15 0 1 1 10 13 15 16 19 20 21 56.9 

G8-16 0 3 5 12 13 16 18 21 22 22 52.3 

G8-17 0 2 2 5 9 11 13 16 19 20 52.2 

G8-18 0 5 9 9 11 15 17 19 20 21 48.2 

G8-19 0 0 1 2 5 9 11 16 18 20 48.2 

G8-20 1 2 3 3 3 9 11 19 20 22 47.0 

G8-21 2 3 7 10 10 10 13 14 20 21 43.7 

G8-22 0 6 10 11 12 16 18 18 21 23 42.1 

G8-23 1 3 9 11 13 16 16 17 17 22 41.7 

G8-24 1 1 3 11 15 15 16 18 20 23 40.6 

G8-25 0 2 11 14 15 16 18 18 20 20 32.8 

G8-26 0 3 3 9 10 13 13 16 19 20 28.6 

G8-27 0 3 3 9 13 15 16 18 19 20 27.2 

G8-28 0 2 9 11 11 11 13 16 19 20 21.7 
aGx-y refers to the yth best formulation in the xth generation. 
bCorrespond to the numbers of stabilizers in Figure 2.1. 
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cCorrespond to the inverse of the absorbance at 400 nm of polystyrene films after 300 

hours of light exposure. 

 

Table 2.2. 10 best performing formulations. 

aGx-y refers to the yth best formulation in the xth generation. 
bCorrespond to the numbers of stabilizers in Figure 2.1. 
cCorrespond to the inverse of the absorbance at 400 nm of polystyrene films after 300 

hours of light exposure. 

 

2.3.4. Selection of individual stabilizers 

The evolution process changes formulations in a way to increase the performance, 

where stabilizers that have a positive effect on the performance will be selected more, and 

vice versa. Figure 2.6 shows the change in the selection of individual stabilizers in the 

course of evolution. The 0th generation is fully based on random selection, so that the 

percentage of the selection is relatively similar among the stabilizers, varying in a narrow 

range (3−6%). Stabilizers which gained the selection by the evolution are Tinuvin 123 

(No. 20) > LA-57 (No. 11) > LA-87 (No. 9) > LA-63P (No.16). Those which lost the 

selection are Hostavin VSU (No. 8) > 1413 (No. 6) > LA-82 (No. 14) > LA-68 (No. 12) > 

Formulation codea Stabilizersb 1/Absc 

G8-1 0 3 5 9 13 16 18 18 19 20 106.1 

G8-2 0 3 5 9 9 11 15 16 19 20 98.8 

G8-3 0 9 11 13 15 15 16 18 19 20 98.6 

G8-4 0 2 5 9 9 11 11 16 18 20 93.3 

G8-5 0 1 5 9 11 15 16 17 19 20 87.5 

G8-6 1 2 5 7 9 11 15 16 20 21 81.6 

G8-7 0 3 3 3 5 9 11 16 19 20 78.7 

G8-8 0 2 5 9 10 10 11 16 19 20 73.7 

G8-9 0 3 3 5 7 9 10 11 16 20 73.4 

G8-10 1 2 5 9 11 15 16 19 20 21 70.0 



Chapter 2 
 

52 
 

AO-30 (No. 23) > Irganox 245 (No. 22). Such results have a little correlation with the 

performance of the stabilizers when they are used alone (Figure 2.5). For example, 

Tinuvin 123 (No. 20) and Hostavin VSU (No. 8) are the most selected and most rejected 

stabilizers in the course of evolution. The performance of these stabilizers when used 

alone ranks 14th and 18th, respectively, among 24. Thus, the selection of stabilizers occurs 

based on whether or not a specific stabilizer is synergistic when used in combination with 

other stabilizers. Here, it is important to note that although the evolution has eliminated 

certain stabilizers, it has rarely eliminated the family of stabilizers. This means that the 

selection is not caused by the difference in the mechanism (how stabilizers interrupt 

degradation), but by the difference in the details of molecular structures. 
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Figure 2.6. Percent stacked area chart for the selection of individual stabilizers along with 

the generation. The color scheme is as defined in Figure 2.1. 

 

2.3.5. Decision tree analysis 

A decision tree classification was implemented to visualize the guideline of 

designing stabilizer formulations (Figure 2.7). The top 25 percentiles out of 259 

formulations were classified as good formulations and the rest as non-good formulations. 

The content of individual stabilizers was used as features, and the split was performed 

based on the Gini index until each leaf became completely pure. For visible clarity, the 

obtained tree was pruned with a restriction of more than 30 samples to each split. The 

entire tree without pruning is also shown in Figure 2.8. In Figure 2.7, out of the 65 

formulations in the top 25 percentiles, 72% selected LA-57 at least once. Of these, 83% 

included LA-63P, and 60% included LA-87 together. This result is reasonable in a sense 

that these three HALSs correspond to those frequently selected along with the evolution. 

On the other hand, frequently selected UVAs were not used as decisive features. This fact 

suggests that the selection of UVAs is not as molecular structure-specific as that of HALSs, 

i.e., it is necessary to include UVAs [33], but its molecular structure is less restricted. Of 

the non-performant formulations, 55% did not contain LA-57, and did not contain 

Chimassorb 944 FDL, LA-82, and LA-63P more than three times. Chimassorb 944 FDL 

and LA-63P are stabilizers whose selection rate increased during the evolution. Some of 
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the positive stabilizers may have adverse effects on the formulation performance if the 

amount exceeds a certain level. 
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Figure 2.7. Formulation design guideline visualized by decision tree classification. 259 formulations are classified into the top 25 

percentiles (red) and the rest (blue) using the number of times each stabilizer is selected in a formulation. The numbers in each split and 

leaf correspond to the numbers of formulations for the two classes. 
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Figure 2.8. Entire decision tree. The 259 formulations are classified into the top 25 percentiles (red) or the rest (blue) using the number of 

times each stabilizer is selected in a formulation.  
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2.3.6. Synergism and formulation performance 

In order to evaluate the interaction between stabilizers, I introduced a synergy value 

as defined in Equation (2.3),  

Synergy(α,β) = 〈1/Abs〉α∩β/〈1/Abs〉α∆β         (2.3). 

This is the ratio of the performance averaged among formulations containing both 

stabilizers α and β (α∩β) to that among combinations containing either of α and β (α∆β). 

When the value is greater than 1, the combination is regarded synergistic, and vice versa. 

A strong positive correlation is seen (R2 = 0.84) between the synergy value and the 

performance of formulation (Figure 2.9). This suggests that the performance of 

formulations is determined by synergistic combinations rather than the inclusion of a 

stabilizer which is high performing by its own [34-38]. A similar conclusion was obtained 

for the design of stabilizer formulations against thermo-oxidative degradation [8]. 
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Figure 2.9. Impact of synergistic combinations on the performance of stabilizer 

formulations. The synergy is evaluated based on Equation (3). It compares the average 

performance of formulations between when both of stabilizers α and β are contained and 

when either of α and β is contained. <1/Abs>α∩β corresponds to the former case, i.e., the 

average 1/Abs of formulations having both of α and β. 

 

2.3.7. Synergistic and antagonistic combinations 

Table 2.3 lists the most synergistic and antagonistic combinations. In the synergy 

side, stabilizers that frequently appeared are LA-87 (No. 9) > LA-57 (No. 11) > Tinuvin 

PA 144 (No. 15), Tinuvin 123 (No. 20) in this order. These are all HALSs (but of different 

types), and correspond to frequently selected ones as a result of the evolution (cf. Figure 

2.6). Many of the synergistic combinations were derived from UVA × HALS, in particular, 

R2 = 0.84
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benzotriazole/triazine × N–H/N–OR, and from HALS (N–H) × HALS (N–R/N–OR). 

These results suggest that a combination of stabilizers with different mechanisms or 

complementary features has a synergistic effect on the inhibition of photo degradation. In 

the antagonist side, 1413 (No. 6) > AO-30 (No. 23) >> LA-32 (No. 0), Hostavin PR-25 

(No. 8), LA-81 (No. 19) were frequently observed in this order. Frequent antagonistic 

combinations were UVA (benzotriazole) × UVA (others) > UVA (benzophenone) × HALS 

(N–R/N–OR) > HALS (any) × hindered phenol (less hindered one). 

 

Table 2.3. Synergistic and antagonistic combinations of stabilizersa 

Ranking Synergistic combination Antagonistic combination 

 α β Synergy 〈1/Abs〉α∩β α β Synergy 〈1/Abs〉α∩β 

1 11 16 1.41 30.8 0 8 0.42 11.0 

2 15 19 1.35 32.0 6 11 0.55 14.6 

3 0 11 1.34 30.3 8 16 0.60 16.2 

4 5 11 1.33 29.0 6 19 0.61 15.0 

5 5 9 1.30 30.6 4 7 0.61 14.5 

6 7 9 1.29 31.3 17 23 0.64 14.6 

7 9 15 1.27 32.1 5 23 0.66 16.6 

8 0 9 1.27 29.1 0 6 0.67 17.1 

9 11 15 1.26 31.2 5 8 0.68 17.4 

10 9 11 1.26 30.0 19 23 0.68 17.4 

11 16 20 1.26 28.2 6 15 0.68 17.8 

12 9 16 1.24 29.3 14 22 0.69 16.1 

13 3 15 1.24 30.8 6 16 0.70 18.4 

14 5 20 1.23 28.4 4 22 0.71 16.5 

15 9 20 1.23 28.5 3 7 0.71 17.9 

16 0 20 1.23 28.1 20 23 0.72 19.1 

17 2 19 1.22 28.3 0 23 0.73 19.0 

18 15 16 1.21 30.5 12 19 0.73 18.2 

19 2 20 1.21 27.7 12 15 0.74 19.9 

20 11 18 1.20 30.2 1 6 0.74 18.1 
aAn impact of combining two stabilizers, α and β, is evaluated based on Equation (3). The 

stabilizer codes correspond to those in Figure 2.1. The larger the synergy value, the more 

synergistic the combination, and vice versa. ⟨1/Abs⟩α∩β indicates the average 1/Abs value 

for formulations which contain both of the stabilizers (α and β). 
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2.3.8. Visualization by force-directed graph 

In order to derive heuristics on the design of more complex formulations, binary 

interactions between stabilizers were visualized using a force-directed graph (Figure 

2.10). In general, a force-directed graph consists of nodes repelling each other like 

charged particles and edges connecting nodes like springs, with a purpose to visualize 

relationships between the nodes. Takahashi et al. proposed a visual catalyst design method 

by using force-directed graphs to visualize relationships between active elements, 

supports, their combinations, and the target yield in methane oxidation coupling [39]. 

Bryan et al. have visualized the effect of tyrosine kinase knockdown on the MCF-7 

proteome, where nodes are the knocked-down tyrosine kinases and the proteins that are 

increased or decreased by them [40]. Figure 2.10 shows a force-directed graph where the 

nodes represent the individual stabilizers, and the edges reflect the synergy value 

(appropriately scaled) for the corresponding combination of stabilizers. Note that the 

higher the synergy value is, the more the corresponding nodes or stabilizers attract each 

other. It can be seen that there is a cluster of stabilizers that are located close to each other 

(Nos. 0, 5, 9, 11, 15, 16, 19, 20). The formation of a cluster indicates that the stabilizers 

as members of the cluster are synergistic with each other. In fact, these 8 stabilizers were 

commonly included in the 10 best performing formulations in Table 2.2, leading to a 

hypothesis that formulations containing a large number of synergistic combinations have 
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high performance. Such a trend was also observed in the design of stabilizer formulations 

in the thermal oxidative degradation of PP. Far from the cluster, some stabilizers are 

located in an isolated fashion (Nos. 4, 6, 8, 10, 12, 14, 17, 22, 23). These correspond to 

the stabilizers that were eliminated in the evolution (Figure 2.5), and the reason for the 

elimination is that they are antagonistic to the others. 
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Figure 2.10. Visualization of binary interactions based on a force-directed graph. The 

nodes represent individual stabilizers (blue: UVA, red: HALS, green: hindered phenol). 

An edge reflects the synergy value between the correspondent stabilizers, where the closer 

the nodes are, the more synergistic the stabilizers are. 
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2.3.9. Validation of combinatorial effects 

Care must be taken in understanding the results of the interaction analysis between 

stabilizers. The problem is related to the sampling bias introduced by the genetic 

algorithm: in order to fairly evaluate the interaction between stabilizers α and β, the other 

stabilizers contained in the formulations must be selected without bias or randomly. Note 

that a formulation can contain up to 10 different stabilizers. The genetic algorithm inherits 

genes that contribute to improve the performance in a simultaneous and parallel manner. 

For example, when evolution results in the predominance of formulations that 

simultaneously contain α, β, and γ, formulations that contain both α and β are more likely 

to occur in a late stage of the evolution and have a higher probability of containing γ 

compared to those that contain only one of α or β, which are more likely to occur in an 

early stage of the evolution. This leads to an overestimation of the synergy value, and vice 

versa. Thus, the results of the interaction analysis between stabilizers are considered to 

be strongly influenced by the sampling bias brought by the genetic algorithm. Besides, 

there is no guarantee that the interaction between two stabilizers will be the same in the 

presence of different stabilizers that can interact with them. In light of the said limitations, 

additional experiments were conducted to evaluate the synergistic combinations found in 

Table 2.3 and the hypothesis that a key for high-performing formulations is to add up 

many synergistic combinations. The detailed experimental content is described as follows. 

Formulations consisting of a limited number of stabilizers were assumed, and the 
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performance of the formulations was estimated by the score defined in, 

Score = ∑a<βSynergy(α,β)            (2.4). 

Synergy(α,β) is as defined in Equation (2.3). Top-scored 6 formulations were selected 

from the formulations containing the specified number of stabilizers, as summarized in 

Table 2.4. For example, among formulations consisting of only 2 stabilizers, the best 

formulation, namely that with the highest score, consists of LA-57 (No. 11) and LA-63P 

(No. 16), which correspond to the most synergistic binary combination in Table 2.3. 

Among formulations consisting of 3 stabilizers, the best formulation consists of Tinuvin 

477 DW (No. 5), LA-57 (No. 11), and LA-63P (No. 16), which were shown mutually 

synergistic in Figure 2.10. The performance of the selected formulations was 

experimentally evaluated using the procedure and conditions identical to those employed 

for the GA part. These results are summarized in Table 2.4. Note that the amount of a 

formulation to PS was fixed at 0.05 wt%, which was equally divided by the constituent 

stabilizers. 

The average performance of the top-scored 6 formulations was derived for each 

number of constituent stabilizers. The relationship between the number of constituent 

stabilizers and the average performance is plotted in Figure 2.11. It can be seen that the 

performance of the formulations tended to increase as the number of constituent 

stabilizers increased. This is consistent with the increase in the score value, and more 

importantly, with the hypothesis that formulations containing a large number of 

synergistic combinations have high performance. On the other hand, the performance of 
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individual formulations did not necessarily correspond to the score value (Table 2.4). This 

plausibly reflects the conditional nature of binary interactions, which is caused by the 

sampling bias of the genetic algorithm. For example, the performance of formulations 

that commonly contain LA-57 (No. 11) and LA-63P (No. 16), namely 2C-1, 3C-1, 3C-2, 

C3-3, and 3C-5, was largely affected by the choice of the third stabilizer. 

 

Table 2.4. Top-scored formulations containing 2 to 6 stabilizers. 

Formulation codea Stabilizersb Scorec 1/Absd 

2C-1 11 16     1.41 5.9 

2C-2 15 19     1.35 15.0 

2C-3 0 11     1.34 11.1 

2C-4 5 11     1.33 8.5 

2C-5 5 9     1.30 14.1 

2C-6 7 9     1.29 10.6 

3C-1 5 11 16    3.94 14.2 

3C-2 0 11 16    3.92 15.5 

3C-3 9 11 16    3.91 30.0 

3C-4 5 9 11    3.89 6.5 

3C-5 11 15 16    3.88 19.4 

3C-6 0 5 11    3.87 23.6 

4C-1 5 9 11 16   7.74 18.3 

4C-2 0 5 9 11   7.70 27.9 

4C-3 0 9 11 16   7.69 13.4 

4C-4 0 5 11 16   7.65 19.1 

4C-5 9 11 15 16   7.65 21.9 

4C-6 5 11 16 20   7.63 14.2 

5C-1 0 5 9 11 16  12.72 33.1 

5C-2 5 9 11 15 16  12.66 20.0 

5C-3 5 9 11 16 20  12.66 31.0 

5C-4 0 9 11 15 16  12.63 52.3 

5C-5 0 5 9 11 15  12.61 45.5 

5C-6 0 9 11 16 20  12.61 88.9 

6C-1 0 5 9 11 16 20 18.87 63.0 

6C-2 0 5 9 11 15 16 18.84 58.0 

6C-3 5 9 11 15 16 20 18.76 54.8 

6C-4 0 9 11 15 16 20 18.73 28.9 

6C-5 0 5 9 11 15 20 18.68 77.7 

6C-6 0 5 11 15 16 20 18.60 71.4 
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axC-y refers to the yth scored formulation out of formulations consisting of x stabilizers. 
bCorrespond to the numbers of stabilizers in Figure 2.1. 
cAs defined in Equation (4). 
dCorrespond to the inverse of the absorbance at 400 nm of polystyrene films after 300 

hours of light exposure. 

 

 

Figure 2.11. The relationship between the performance of formulations and the number 

of constituent stabilizers therein. Note that the performance of formulations corresponds 

to the average of the performance of the top-scored 6 formulations for each number of 

constituent stabilizers. 
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2.4. Conclusions 

A systematic study on stabilizer formulations for inhibiting light-induced yellowing 

of transparent plastics has been hardly implemented due to the low throughput of 

experiments with respect to a huge number of potential combinations. In this chapter, I 

developed a high-throughput experimental protocol that enables to evaluate the light-

induced yellowing of 288 samples in a single experiment, which consists of the 

preparation of a large number of cast films on microplates and quick determination of the 

photo-induced yellowing of these films using a microplate reader. This protocol was used 

in conjunction with a genetic algorithm to explore stabilizer formulations, which were 

made by combining 10 of 24 commercially available stabilizers. Furthermore, the 

obtained dataset was analyzed to derive formulation design guidelines. Major findings 

are as follows.  

⚫ Polystyrene films cast on a microplate exhibited a degradation behavior similar to a 

self-standing film. This supports the usefulness of the established high-throughput 

experimental protocol for screening purposes. 

⚫ The best formulation found in the genetic algorithm performed five times better than 

the best performing stabilizer by its own. This proves the superiority of formulating 

multiple stabilizers for improving the durability of polymers. 

⚫ Most of synergistic combinations were identified between stabilizers that play 

complementary roles in suppressing the degradation, such as a combination of HALS 
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and UVA, or between stabilizers of the same class but with different reactivity and 

stability, such as HALS of N–H type and that of N–OR type.  

⚫ A visualization based on a force-directed graph led to a hypothesis that the inclusion 

of as many mutually synergistic stabilizers as possible is important in the design of 

high performing formulations, which was successfully proven by additional 

experiments. 

The methodology proposed in this chapter can be used for a wide range of 

applications involving changes in light absorption. The data provided by a combination 

of the high-throughput experiment and the genetic algorithms is useful not only for simple 

optimization for the target variable, but also for extracting heuristics of materials design. 
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for low-temperature dry-reforming reaction of methane       

by combinatorial exploration 



Chapter 3 
 

76 
 

Abstract 

In this chapter, multi-elemental catalyst design was explored for low-temperature dry 

reforming of methane by means of combined high-throughput experimentation and 

genetic algorithm. The composition of catalysts, consisting of up to 16 elements (Mg, Al, 

Ca, V, Mn, Fe, Co, Ni, Cu, Zn, Ce Sr, Zr, Mo, Pd, La, Ce) supported on γ-Al2O3 was 

optimized in order to maximize the H2 yield at 500 °C. A huge amount of data generated 

by high-throughput experimentation was subjected to various data science techniques, in 

order to acquire catalyst design and process optimization guidelines. 

 

Keywords: high-throughput experimentation, genetic algorithm, dry-reforming reaction, 

multidimensional exploration, machine learning 
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3.1. Introduction 

Since most chemical reactions are composed of multiple elementary reactions, the 

design of catalysts to control them tends to be multidimensional. Especially for solid 

catalysts, it is common to design catalysts by integrating multiple components that play 

different roles on the surface [1–3]. In such multicomponent design, predicting the 

outcome of adding a component is challenging as the component can interact with all the 

chemical species present in the chemical system such as the other components in the 

catalysts as well as reactants, intermediates, and products of the catalysis. To address this 

challenge, materials informatics (MI) is emerging in the field of catalysis, which attempts 

to surrogate a complex interaction network by a machine learning model [4–6]. 

The implementation of machine learning necessitates data sufficient in the quantity 

and quality, but such data is scarcely present in materials science. The research group of 

Taniike has addressed this challenge by means of high-throughput experimentation (HTE), 

which can produce a large amount of experimental data in a short period [7–14]. For 

example, they developed a high-throughput screening instrument that can acquire 4000 

catalyst data a day for the oxidation coupling reaction of methane. The generated catalyst 

big data were exploited for predicting the performance of catalysts based on random forest 

regression, decision tree classification, and other methods [10–12]. They also developed 

a high-throughput chemiluminescence imaging instrument that can evaluate the thermal-

oxidation degradation of 100 polymer samples. Moreover, as described in Chapter 2, a 

microplate-based HTE protocol was developed for evaluating yellowing resistance of 288 

polymer samples. The protocol was combined. These techniques enabled exploration of 

stabilizer formulations at an unprecedent scale [13,14]. 
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Low-temperature dry reforming (DRM), which is a reaction that converts CH4 and 

CO2 to syngas, i.e. H2 and CO, attracts increasing attention from the viewpoints of 

effective utilization of CH4 and carbon dioxide capture utilization and storage [15–17]. 

DRM is an exothermic reaction, but it requires high temperature (>800 ºC) due to the low 

reactivity of the reactants, where catalyst deactivation due to carbon deposition and 

sintering, and the by-production of water molecules that causes reverse reactions are the 

major concerns [18–20]. This has motivated the development of low-temperature DRM 

catalysts that can operate at lower temperatures (<600 °C) [21–23]. Elements widely used 

in DRM are late transition metals such as Ni, Co, Pt, Pd, Ru, Rh, and Ir [24–30]. In 

particular, Ni/γ-Al2O3 is the most preferred choice because it is inexpensive and relatively 

abundant, although the catalyst is prone to deactivation by carbon deposition and sintering 

[31]. In order to improve the performance of the Ni/γ-Al2O3, catalyst modification has 

been extensively studied [32–36]. For example, the addition of a basic oxide to γ-Al2O3 

as the main support is known to enhance the adsorption of CO2 to improve the activity 

[37]. Moreover, MgAl2O4 and prevents the formation of inactive NiAl2O4 [38]. Another 

direction of the modification is the addition of a secondary element. A combination of Ni 

with Fe was reported to enhance both the activity and the durability of the catalyst by 

suppressing carbon formation, where the redox effect of Fe and the interaction of Fe with 

Ni were proposed as potent reasons [39]. Thus, the multi-component design is an effective 

strategy to improve the performance of DRM catalysts, but catalysts containing more than 

4 components have not been explored. 

In this chapter, truly multi-component design of catalysts was explored by 

combining HTE and genetic algorithm for low-temperature DRM. The catalysts consisted 

of up to 16 elements (Mg, Al, Ca, V, Mn, Fe, Co, Ni, Cu, Zn, Sr, Zr, Mo, Pd, La, Ce) that 



Chapter 3 
 

79 
 

were co-supported on γ-Al2O3. The performance of the catalysts was evaluated in the 

previously developed HTE apparatus. The catalyst composition was evolved by using GA, 

where the H2 yield at 500 °C was used as the target variable. The generated data were 

subjected to a variety of data analysis in order to derive catalyst design guidelines. 
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3.2. Experimental 

3.2.1 Materials 

The metal precursors were Mg(NO3)26H2O, Al(NO3)39H2O, Ca(NO3)24H2O, 

VOSO4∙xH2O (x=3–5), Mn(NO3)26H2O, Fe(NO3)3∙9H2O, Co(NO3)2∙6H2O, 

Ni(NO3)26H2O, Cu(NO3)2∙3H2O, Zn(NO3)2∙6H2O, Sr(NO3)2, ZrO(NO3)2∙xH2O (x = 2), 

(NH4)6Mo7O24∙4H2O, Pd(CH3COO)2, La(NO3)36H2O, and Ce(NO3)36H2O. These were 

purchased from Wako Pure Chemical Industries, Kanto Chemical, or Sigma-Aldrich. 

Aluminum oxide in a powder form (γ-Al2O3, 164 m2/g, Sumitomo Chemical Industry) 

was used as a support. 

 

3.2.2. Catalyst preparation 

Catalysts were prepared based on a co-impregnation method, where γ-Al2O3 (1.0 g) 

was impregnated with 5.0 mL of an aqueous solution dissolving specified precursors at 

specified concentrations at 50 ºC for 6 h under stirring. Followed by vacuum drying at 90 

ºC for 4 h, the catalysts were calcinated at 500 ºC under air for 6 h, thoroughly ground, 

and subjected to the catalytic test. 

 

3.2.3. Catalytic test 

The DRM performance of the catalysts was evaluated by using a previously 

developed HTE instrument [10]. The instrument is briefly described as below. A 
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CH4/CO2/Ar mixture is supplied from a gas generator, where the flow rates of the three 

gases are controlled individually and Ar works as a balance gas. The gas mixture is 

equally split into 20 reaction quartz tubes (4 mm to 2 mm of I.D.) bearing catalyst beds 

of 10 mm height. The reaction tubes are arranged symmetrically in a hollow electric 

furnace. The effluent gas from the 20 tubes is sampled sequentially by an autosampler 

and transferred to a quadruple mass spectrometer (Transpector CPM, INFICON). Mass 

signals are converted to relative pressure of individual gases based on external 

calibrations. The system can evaluate the performance of 20 catalysts under programmed 

conditions. Two programs were used here. One is for activating the catalyst with H2 

reduction (Figure 3.1). The other is for evaluating catalyst performance with gas for the 

DRM reaction. Both were pre-fired inline. The temperature was increased stepwise from 

400 to 500, 600, 700°C, and 800 °C. At each temperature, the total flow rate (Q = 10, 15, 

20 mL/min/channel) and CH4/CO2 ratio (0.50, 0.75, 1.00, 1.25, 1.50 mol/mol) were 

changed stepwise (Figure 3.1). 

 

 

Figure 3.1. Two programmed sequences of reaction conditions: a) used for catalyst 

activation, and b) used for catalyst evaluation. Please note that each temperature step in 

b) includes a program for the gas flow volume and composition. 
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3.2.4. Exploration of catalysts 

Figure 3.2 represents the methodology used to explore catalysts. A catalyst is 

composed by selecting either of Mg, Al, Ca, V, Mn, Fe, Co, Ni, Cu, Zn, Ce Sr, Zr, Mo, 

Pd, La, Ce and "None" 20 times with repetitive selection allowed. Namely, the catalyst is 

represented by a chromosome with 20 genes. The values of the genes are the elements in 

the library or "None". The maximum amount of the elements per gram of the support was 

set to 3.5 mmol/g-support, which corresponded to the addition of 0.175 mmol/g-support 

per selection except for “None”. “None” corresponds to not to add any element, and 

functions to vary the total amount of elements per gram of the support. The selection rate 

of “None” was appropriately adjusted. The parametric space as defined above includes 

8013 combinations.  

In the following, the procedure of the catalyst exploration is described according to 

the three steps shown in Figure 3.2. 

Step 1: Preparation 

Catalyst compositions were determined based on random selection in the case of the 

0th generation and by genetic operators thereafter. The catalysts were prepared according 

to the method described in 3.2.2. 

Step 2: Evaluation 

The number of data points obtained is 8720. The conversion and yield values were 

derived based on Eqs. (3.1)‒(3.4), 

𝐶𝐻4 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%)  =  
𝐶𝐻4 𝑜𝑢𝑡𝑝𝑢𝑡 − 𝐶𝐻4 𝑖𝑛𝑝𝑢𝑡

𝐶𝐻4 𝑖𝑛𝑝𝑢𝑡
 ×  100       (3.1), 
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𝐶𝑂2 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%)  =  
𝐶𝑂2 𝑜𝑢𝑡𝑝𝑢𝑡 − 𝐶𝑂2 𝑖𝑛𝑝𝑢𝑡

𝐶𝑂2 𝑖𝑛𝑝𝑢𝑡
 ×  100       (3.2), 

𝐻2 𝑦𝑖𝑒𝑙𝑑 (%)  =  
𝐻2 𝑜𝑢𝑡𝑝𝑢𝑡

𝐶𝐻4 𝑖𝑛𝑝𝑢𝑡
 ×  100           (3.3), 

𝐶𝑂 𝑦𝑖𝑒𝑙𝑑 (%)  =  
𝐶𝑂 𝑜𝑢𝑡𝑝𝑢𝑡

𝐶𝐻4 𝑖𝑛𝑝𝑢𝑡
 ×  100           (3.4). 

The catalysts prepared in Step 1 were subjected to the catalytic test as described in 3.2.3. 

The H2 yield at 500 °C was used to derive the fitness of the individual catalysts based on 

Eqs. (3.5) and (3.6), 

𝜌𝑖  =  
𝐻2 yield𝑖 − 𝐻2 yield𝑚𝑖𝑛

𝐻2 yield𝑚𝑎𝑥 − 𝐻2 yield𝑚𝑖𝑛
             (3.5), 

𝑓𝑖  =  exp (3𝜌𝑖)                (3.6), 

where H2 yieldi, H2 yieldmin, and H2 yieldmax are the H2 yield for the ith, the best, and the 

worst catalyst in a generation, respectively. fi is the fitness of the ith catalyst. 

Step 3: Evolution  

Genetic operators were introduced to evolve the catalyst composition. In crossover, 

the common genes were inherited from two selected parent catalysts, and the non-

common part was randomly inherited from either parent catalyst. In this study, two types 

of mutations with different degrees were used to counter early convergence of evolution. 

In normal mutation, 5–20% of the genes in a selected parent catalyst were replaced by 

elements randomly drawn from the library. In another mutation, called big mutation, 

random replacement of the genes was performed for 20–50% of the genes. The parents 

were selected by a roulette selection method using the fitness as the weight. The catalysts 

with excellent performance were utilized as elite catalysts to carry over to the next 
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generation. 12 catalysts by the crossover, 4 by the normal mutation, 4 by the big mutation, 

and 4 by the elitism led to a total of 24 catalysts for the next generation. 

 

 

Figure 3.2. flow of the exploration of dry-reforming catalysts based on the genetic 

algorithm. The scheme consists of three steps: preparation of catalysts, evaluation of 

catalytic performance, and evolution of catalysts.  
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3.2.5. Data analysis 

In order  to derive insights into catalyst design, the data derived in the course of the 

evolution was analyzed by different techniques. The principal component analysis and 

classification tree analysis were implemented using the scikit-learn library in python 

[40,41]. Gephi was used for visualizing the interaction among elements [42,43]. The 

details of each analysis are described in the corresponding part of Results and Discussion. 
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3.3. Results and discussion 

3.3.1. Pre-conditioning 

When evolving catalysts in GA, H2 yield ≈ 0% means that the fitness is zero, and 

these individuals are synonymous with non-existence. Therefore, it was necessary to 

create many random catalyst compositions and evaluate their performance. Temperatures 

other than 500 °C were also considered to determine trends in gas conditions and 

experimental conditions that are efficient for DRM. In this chapter, I explored DRM 

catalysts using the HTE instrument and GA. To evolve catalysts while maintaining 

diversity in GA, random catalysts were created and evaluated (100 catalysts) until 20 

catalysts exhibiting H2 yield (>1% H2 yield) were obtained. Table 3.1 lists the 

performance of the 139 catalysts. The catalyst code Ex refers to the xth catalyst explored. 

Each catalyst has 20 genes, and the number of elements or "none" in each gene determines 

the total loading amount and the ratio of each element to the total loading. Table 3.1 shows 

that only 15.1% of the catalyst prepared in random (Table 3.1, E1–99) exhibited catalytic 

performance (>1% H2 yield). In addition, only 3.6% of those catalysts had ≥10% H2 yield. 

Figure 3.3 is a visualization of these data points based on scatter plots. Figure 3.3 shows 

that H2 yield, CH4 conversion, and CO2 conversion are proportional (Figure 3.3a). It was 

observed that H2 yield decreased and CO yield increased with increasing temperature 

(Figure 3.3b). This suggests the influence of reverse water gas shift (H2 + CO2 → H2O + 

CO), a side reaction of DRM [44]. When CO2 flow rate was increased, H2 yield decreased 

and CO yield increased (Figure 3.3c), which may also be due to the reverse water gas 

shift. It was also found that CH4/CO2 should be close to 1 to obtain high H2 yield and CO 
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yield. Figure 3.3d shows that Loading amount, H2 yield, and CO yield were not correlated. 

This fact means that the loading amount is not an important factor in designing 

multidimensional catalysts. The catalyst became easier to clogging during the 

evolutionary process, making it difficult to evaluate 20 catalysts simultaneously at the 2nd. 

This is likely due to the increase in carbon precipitation as well as the improvement in 

catalyst performance during the evolution (Figure 3.4). 
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Table 3.1. List of catalysts in the 0th (E1–99), 1st (E100–119) and 2nd (E120–139) generationsa. Each catalyst performance is at 500 °C. 

      Catalyst composition (%) 

Cat. 

codea 

CH4 

conv. 

CO2 

conv. 

H2 

yield 

CO  

yield 

Total loading 

(mmol/g-support) Mg Al Ca V Mn Fe Co Ni Cu Zn Sr Zr Mo Pd La Ce 

E1 1.5 -3.8 0.1 0.4 1.23 0 5 5 5 5 0 0 0 0 0 0 0 5 5 5 0 

E2 2.7 -1.8 0.1 0.3 1.75 5 5 0 0 5 5 0 0 0 0 0 0 5 0 15 10 

E3 4.8 0.4 0.8 5.1 1.75 0 0 0 0 0 5 0 5 5 0 10 0 0 5 5 15 

E4 -1.4 -6.3 0.1 0.2 1.75 5 0 10 5 10 0 0 0 0 0 0 5 10 0 5 0 

E5 3.3 0.3 0.1 0.4 2.45 0 0 5 5 10 10 0 10 10 10 0 0 0 0 0 10 

E6 2.6 -1.3 0.1 0.2 2.10 0 5 0 0 15 5 0 5 0 10 5 0 15 0 0 0 

E7 2.7 -1.0 0.1 0.3 1.93 0 0 0 10 0 0 5 5 5 0 5 10 5 5 5 0 

E8 3.4 8.8 5.9 11.3 2.45 0 0 5 0 0 5 10 5 10 5 15 5 5 5 0 0 

E9 2.2 -2.4 0.1 0.3 1.93 0 0 10 0 0 0 15 0 5 0 0 5 10 0 0 10 

E10 2.4 5.9 4.9 9.4 2.10 5 5 0 0 0 0 0 10 5 5 0 0 5 5 10 10 

E11 2.9 6.6 5.0 9.5 1.93 5 5 5 0 5 5 5 5 10 0 0 0 0 10 0 0 

E12 10.2 6.8 3.1 11.6 2.28 5 0 0 0 10 5 0 5 5 5 5 10 0 5 5 5 

E13 3.3 -1.8 0.1 0.5 1.75 5 10 0 10 5 5 0 0 0 0 10 5 0 0 0 0 

E14 1.2 2.8 3.2 7.1 2.45 15 10 0 0 15 0 0 5 5 5 0 0 5 5 5 0 

E15 2.8 -2.0 0.1 0.5 1.40 0 0 5 10 0 0 5 0 5 5 5 0 0 0 5 0 

E16 2.1 -2.1 0.1 0.4 1.05 0 5 5 0 0 5 5 0 5 0 0 5 0 0 0 0 

E17 -1.6 -7.7 0.1 0.2 2.45 0 10 0 5 5 15 0 0 0 5 0 5 15 0 10 0 

E18 1.7 -1.8 0.1 0.3 1.93 5 5 0 5 0 5 5 5 0 5 5 0 0 5 5 5 

E19 2.5 -1.5 0.1 0.6 1.58 5 0 5 5 0 5 0 0 10 5 0 0 0 0 0 10 

E20 -1.3 -5.5 0.3 1.2 2.28 0 5 0 0 0 0 0 10 10 5 5 5 15 0 5 5 

E21 0.0 4.0 0.1 0.3 1.75 5 5 10 0 5 5 0 0 5 0 5 0 0 0 5 5 

E22 -4.2 6.1 2.2 5.8 1.40 5 5 5 0 0 0 0 5 5 0 0 0 5 5 0 5 

E23 -29.4 -3.2 0.1 0.3 1.40 10 10 5 0 0 0 0 0 5 5 0 0 5 0 0 0 

E24 -6.7 1.8 0.1 0.1 1.93 0 0 0 10 10 0 5 10 0 0 5 5 5 5 0 0 

E25 -7.3 2.0 0.1 2.7 2.10 0 0 20 10 5 0 5 0 0 0 5 5 0 10 0 0 

E26 -8.7 1.1 0.1 0.1 1.93 0 5 0 0 5 5 10 0 0 0 5 0 5 0 15 5 

E27 -7.5 2.1 0.1 0.2 1.58 0 5 0 5 0 5 0 5 5 0 0 0 5 5 5 5 

E28 -66.4 -16.7 0.1 3.5 2.28 10 0 5 10 0 10 0 5 5 0 5 5 0 5 0 5 

E29 3.9 4.9 0.1 0.0 1.58 5 5 0 5 0 0 5 0 0 0 15 5 0 5 0 0 

E30 4.8 5.9 0.1 0.1 2.10 10 0 5 0 0 5 0 5 0 10 0 5 0 0 15 5 

E31 0.0 5.4 0.1 0.1 1.58 0 0 5 0 0 0 0 5 0 0 5 10 0 5 10 5 
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E32 3.0 5.2 0.1 0.3 1.23 0 0 0 0 5 0 0 5 5 0 5 5 0 10 0 0 

E33 -7.6 -0.2 0.1 3.2 2.10 0 5 5 0 0 0 5 0 0 5 5 10 5 5 10 5 

E34 1.8 12.9 1.6 6.1 2.28 0 5 5 5 5 0 5 5 5 0 5 5 0 5 10 5 

E35 -1.4 3.8 0.1 0.1 2.28 0 5 5 0 5 0 5 5 0 0 5 10 0 10 10 5 

E36 3.8 5.5 0.1 0.2 1.05 0 0 0 0 5 0 0 10 0 0 5 5 0 0 0 5 

E37 3.0 4.2 0.1 0.1 1.23 10 0 0 0 0 5 5 0 0 0 5 0 0 5 0 5 

E38 -6.5 -0.1 0.1 1.1 1.23 5 5 5 0 0 0 0 5 0 5 0 0 0 0 5 5 

E39 3.2 4.9 0.1 0.6 1.93 0 0 0 0 0 5 5 5 0 5 0 5 5 10 10 5 

E40 10.6 10.3 8.1 11.7 1.23 0 0 0 0 0 0 5 10 5 5 0 0 5 5 0 0 

E41 2.5 -1.4 0.1 0.2 1.23 0 5 0 5 5 0 0 0 0 0 0 5 5 5 0 5 

E42 3.2 -2.6 0.1 0.1 1.75 0 0 0 0 5 10 5 0 0 0 5 0 15 10 0 0 

E43 6.2 0.2 0.1 0.5 2.10 0 5 0 5 5 0 0 0 5 5 10 0 5 5 0 15 

E44 5.5 -0.2 0.1 0.4 1.75 5 0 5 10 5 0 0 0 5 0 0 0 0 5 5 10 

E45 3.2 -0.8 0.1 0.2 2.10 0 15 10 5 0 0 0 0 0 10 0 0 5 10 0 5 

E46 8.1 4.7 2.5 5.7 2.28 10 0 10 0 0 10 0 10 5 0 0 10 5 0 5 0 

E47 1.1 -4.0 0.1 0.2 1.58 5 0 10 0 10 10 0 5 0 0 0 0 0 0 5 0 

E48 3.0 -1.0 0.1 0.2 1.05 5 0 5 0 0 0 0 5 0 0 0 5 5 0 0 5 

E49 4.1 -0.2 0.3 2.1 1.40 0 0 0 0 0 5 0 0 0 5 5 15 0 10 0 0 

E50 6.2 1.3 1.4 6.5 2.63 10 15 5 15 0 0 5 5 0 0 0 5 0 5 5 5 

E51 1.2 -3.0 0.1 0.3 1.75 0 0 0 0 10 10 0 0 0 5 0 10 5 0 0 10 

E52 0.2 -5.4 0.1 0.2 1.58 0 5 5 5 5 0 5 15 0 5 0 0 0 0 0 0 

E53 1.3 -3.2 0.1 0.3 1.58 10 5 0 0 0 5 0 0 5 0 0 0 5 5 10 0 

E54 3.3 -1.1 0.1 0.2 1.40 0 5 0 5 10 5 5 0 0 0 5 0 0 5 0 0 

E55 7.0 -1.0 0.1 0.4 1.93 0 0 10 5 5 5 5 5 0 5 5 0 5 0 0 5 

E56 4.9 0.0 1.6 5.0 1.40 0 0 5 0 5 5 0 0 5 0 0 0 10 5 5 0 

E57 8.0 2.9 5.2 13.4 1.58 0 5 0 0 0 0 0 5 5 0 5 0 5 5 5 10 

E58 6.7 1.8 2.2 7.3 1.58 5 5 0 0 0 5 5 5 0 5 0 0 5 10 0 0 

E59 3.9 0.4 0.1 1.5 2.45 5 5 0 0 0 0 5 0 5 5 10 0 10 5 10 10 

E60 3.4 -6.8 0.3 0.7 1.40 5 5 5 0 0 0 0 0 0 0 0 0 10 5 10 0 

E61 2.7 -4.6 0.1 0.3 1.75 5 10 5 5 0 5 5 5 5 0 0 0 0 0 0 5 

E62 2.0 -4.0 0.1 0.3 2.10 10 0 10 10 0 0 0 10 0 5 0 15 0 0 0 0 

E63 30.4 17.6 25.3 38.9 1.05 0 0 0 0 5 0 0 5 0 0 5 5 0 5 0 5 

E64 20.3 10.6 15.4 26.6 1.05 0 0 0 0 0 0 0 5 0 0 5 5 5 5 5 0 

E65 1.8 -8.5 0.3 0.8 1.58 0 0 5 10 0 0 5 0 5 0 5 5 0 5 5 0 

E66 0.9 -9.1 0.1 0.4 1.58 5 10 0 0 0 10 5 0 0 0 5 5 0 0 5 0 

E67 2.4 -8.6 0.1 0.3 2.63 0 5 5 5 5 10 5 0 5 0 5 15 5 5 5 0 
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E68 4.7 -2.6 0.1 0.2 1.40 5 5 0 0 15 0 0 10 0 0 0 5 0 0 0 0 

E69 37.8 23.3 28.7 41.4 2.10 0 5 5 0 0 0 5 5 0 0 5 10 0 10 10 5 

E70 23.3 13.6 16.8 30.9 1.23 5 5 0 0 0 5 0 10 0 5 0 0 0 0 5 0 

E71 1.3 -5.3 0.1 0.3 1.93 0 10 0 5 0 0 10 5 0 5 5 0 0 0 10 5 

E72 2.0 -4.7 0.1 0.3 1.40 0 5 5 5 5 0 0 0 5 5 5 5 0 0 0 0 

E73 5.1 -4.5 0.8 4.7 1.75 5 0 0 0 5 0 0 5 5 5 5 5 0 0 5 10 

E74 16.3 5.2 9.1 17.2 2.28 10 10 0 0 5 0 0 10 10 10 0 0 0 10 0 0 

E75 0.2 -7.7 0.1 0.2 1.75 0 0 0 0 0 5 20 0 0 0 5 0 15 0 5 0 

E76 2.6 -7.4 0.1 1.0 1.23 0 0 0 5 0 0 5 5 5 0 0 5 0 5 5 0 

E77 0.0 -6.5 0.1 0.3 1.93 5 0 10 0 0 0 5 0 0 0 5 10 0 0 20 0 

E78 3.4 -3.2 0.1 0.4 1.40 10 0 5 0 0 0 5 5 0 10 0 0 0 0 5 0 

E79 12.1 3.4 8.5 19.9 1.40 5 0 0 0 0 5 5 5 0 5 0 0 5 5 0 5 

E80 3.6 0.3 -5.4 0.0 1.75 0 0 0 0 0 0 10 5 5 5 5 10 0 0 0 10 

E81 0.3 0.3 -6.4 0.2 1.40 10 5 0 0 0 5 0 0 5 5 0 0 0 5 5 0 

E82 1.8 0.2 0.8 0.5 1.58 5 5 0 0 0 5 5 5 0 5 0 0 5 5 5 0 

E83 5.6 0.4 0.5 0.8 1.23 0 0 0 0 0 0 5 5 5 5 0 0 0 5 5 5 

E84 5.1 0.2 -3.3 0.5 1.58 5 5 0 0 0 5 5 0 0 5 5 0 5 5 5 0 

E85 2.7 0.3 -6.4 0.5 1.58 0 5 0 5 0 0 0 5 5 0 0 5 0 5 5 10 

E86 0.8 0.8 -7.0 1.2 1.58 0 5 0 0 0 0 5 0 5 5 5 5 0 5 5 5 

E87 6.4 0.1 -1.4 0.5 1.93 5 5 5 0 0 0 5 0 0 0 5 10 5 5 10 0 

E88 0.7 0.7 -5.1 0.7 1.58 0 5 0 5 0 0 5 5 5 5 5 0 0 0 10 0 

E89 0.5 0.2 -5.6 0.2 1.75 5 0 0 5 0 0 5 5 0 0 5 10 0 0 15 0 

E90 -1.6 0.2 -7.0 0.3 1.23 0 5 0 5 0 5 5 0 5 5 0 5 0 0 0 0 

E91 11.5 0.4 4.8 0.5 1.58 0 0 0 0 0 5 5 5 5 0 10 0 0 5 5 5 

E92 1.1 0.0 -4.5 0.1 1.93 0 10 0 5 0 0 10 5 5 5 5 0 0 0 5 5 

E93 30.8 0.4 19.6 0.8 2.45 0 0 5 0 0 5 10 5 10 0 15 5 5 10 0 0 

E94 -0.1 0.0 -5.6 0.2 1.58 0 10 5 5 0 5 5 5 5 0 0 0 0 0 0 5 

E95 2.1 0.3 -3.6 0.4 1.93 0 15 0 5 0 0 10 5 0 5 5 0 0 0 5 5 

E96 0.1 0.8 -5.2 0.7 1.93 0 0 5 10 15 0 5 10 5 0 0 0 5 0 0 0 

E97 0.0 0.4 -8.9 0.3 1.93 0 5 0 5 0 15 5 0 5 5 0 5 5 0 5 0 

E98 0.1 0.3 -5.6 0.2 2.63 10 0 5 10 10 0 5 5 0 10 10 10 0 0 0 0 

E99 1.1 0.3 -6.6 0.6 2.63 15 15 0 20 0 5 5 0 0 5 0 0 0 0 0 10 

E100 1.0 -8.8 0.1 0.5 1.93 0 5 5 0 0 0 5 0 0 0 5 10 5 5 10 5 

E101 8.9 -1.0 2.7 8.5 2.10 5 10 0 0 0 0 0 10 10 5 0 0 0 10 5 5 

E102 19.1 9.5 12.3 25.0 1.75 5 5 5 0 0 5 0 5 0 5 0 0 0 10 10 0 

E103 16.7 7.3 9.9 21.9 1.58 0 5 0 0 0 0 5 5 0 0 5 10 0 5 5 5 
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E104 17.0 7.0 9.6 21.7 1.93 5 5 5 0 0 0 0 5 0 5 5 5 0 10 5 5 

E105 14.2 4.6 8.5 20.1 1.05 0 0 0 0 5 0 0 5 0 0 5 5 0 5 5 0 

E106 5.9 -0.5 2.6 5.4 1.58 0 0 0 0 0 0 5 5 10 0 5 5 5 10 0 0 

E107 5.8 -0.4 2.4 6.2 1.93 0 0 5 0 0 5 10 5 5 0 15 0 5 5 0 0 

E108 5.2 3.3 2.4 6.6 1.58 0 0 0 0 0 5 10 5 0 0 5 5 5 5 5 0 

E109 23.3 12.6 17.2 31.2 1.40 0 0 5 0 0 0 0 5 0 0 5 5 0 5 10 5 

E110 30.9 18.4 24.1 38.1 1.58 0 0 0 0 0 0 5 5 0 0 5 10 0 10 10 0 

E111 22.1 11.6 16.4 30.8 1.23 0 0 0 0 0 5 5 5 0 0 5 5 0 5 0 5 

E112 2.6 -3.7 0.5 1.5 1.75 5 0 0 0 0 5 5 5 0 5 5 0 10 5 0 5 

E113 23.2 12.1 18.6 32.0 2.10 10 10 0 0 0 0 0 10 10 10 0 0 0 10 0 0 

E114 20.1 8.8 13.4 23.1 1.75 0 5 5 0 0 0 5 5 0 0 5 10 0 5 10 0 

E115 28.0 15.5 22.5 36.2 1.05 0 0 0 0 5 0 0 5 0 0 5 5 0 5 0 5 

E116 24.1 13.9 15.5 29.5 1.75 0 5 5 0 0 5 0 5 0 5 0 5 0 5 10 5 

E117 3.2 -0.3 3.8 7.5 1.58 0 0 0 0 0 0 5 5 5 0 10 5 5 5 0 5 

E118 9.3 1.2 3.1 10.6 1.93 5 0 5 0 0 5 5 0 5 0 15 0 0 10 5 0 

E119 18.0 8.4 9.7 20.3 2.63 0 5 5 0 10 0 10 5 0 0 5 10 5 10 5 5 

E120 8.2 0.8 1.4 6.8 1.75 5 5 0 0 0 5 5 0 0 5 0 5 0 10 10 0 

E121 24.6 9.2 13.4 29.9 1.93 0 0 5 0 0 0 10 5 5 0 5 5 0 5 10 5 

E122 18.9 10.8 10.1 22.6 1.58 5 5 0 0 0 5 0 5 0 5 0 10 0 5 5 0 

E123 16.8 8.0 6.7 14.1 1.58 10 10 0 0 0 0 0 10 5 0 0 0 0 10 0 0 

E124 32.5 20.8 23.4 37.0 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 

E125 5.3 5.8 3.6 8.8 1.05 0 0 0 0 5 0 5 0 0 0 0 5 0 5 5 5 

E126 32.4 21.2 23.0 37.0 1.75 0 0 5 0 5 0 5 5 0 0 5 10 0 10 5 0 

E127 35.3 22.9 26.1 40.0 1.23 0 0 0 0 5 5 0 5 0 0 5 5 0 5 0 5 

E128 8.6 -1.7 2.1 3.8 1.75 5 0 0 0 5 5 0 5 0 0 5 5 10 5 0 5 

E129 22.8 13.6 13.9 27.4 1.40 0 5 0 0 5 5 0 5 0 5 0 5 0 5 0 5 

E130 38.4 22.9 30.9 45.3 1.58 0 0 5 0 0 0 0 5 0 0 5 10 0 5 10 5 

E131 21.1 3.7 10.9 18.7 1.23 0 0 0 0 5 0 0 5 5 0 5 5 0 10 0 0 

E132 7.1 8.1 5.0 9.8 2.10 0 5 5 0 0 0 5 0 0 5 5 10 5 5 10 5 

E133 3.0 -4.4 0.1 0.2 2.28 0 5 5 5 5 0 5 5 5 0 5 5 0 5 10 5 

E134 35.1 20.8 28.6 43.1 2.28 0 5 5 0 5 0 5 5 0 0 5 10 0 10 10 5 

E135 40.5 23.8 33.9 48.1 1.05 0 0 0 0 5 0 0 10 0 0 5 5 0 0 0 5 

E136 34.6 22.2 25.8 40.0 1.23 10 0 0 0 0 5 5 0 0 0 5 0 0 5 0 5 

E137 3.0 -7.7 0.1 0.2 1.23 5 5 5 0 0 0 0 5 0 5 0 0 0 0 5 5 

E138 2.9 -3.0 0.4 1.7 1.93 0 0 0 0 0 5 5 5 0 5 0 5 5 10 10 5 

E139 10.3 14.4 8.6 14.2 1.75 0 0 0 0 5 0 5 5 0 0 10 0 5 10 10 0 
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aEx refers to the xth catalyst explored. 
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Figure 3.3. Visualization of 8720 data points based on scatter plots. (a) CH4 conversion 

vs CO2 conversion with the H2 yield indicated by the color. CO yield vs H2 yield with (b) 

the temperature, (c) the CH4/CO2 and (d) the total loading amount indicated by the color. 

 

(a)

(c)

(b)

(d)
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Figure 3.4. Color change of catalyst after the catalytic test: (a) Before the experiment. 

Please note that, the black lines shown in both ends of the catalyst are markers for aligning 

the height of the catalyst, not the color of the catalyst. (b) After the experiment. Each 

catalyst has turned black suggesting coking. 

 

3.3.2. Catalyst stability and new experimental conditions 

Based on the problem in 3.3.1, the reaction temperature (500 ºC), total flow rate (Q 

(a) (b)
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= 20 mL/channel), and CH4/CO2 ratio (1.00 mol/mol) were changed, and the catalysts 

were evaluated for 20000 sec. The top 20 catalysts in Table 3.1 and the 20 catalysts in 2nd 

were re-evaluated under the above conditions. Experimental results showed that there was 

no catalyst clogging due to catalyst coking, and all catalysts were evaluated without any 

problems. Figure 3.5 shows the H2 yield change for each catalyst over time. Figure 3.5 

shows that there are differences in stability among the catalysts. Catalytic performance 

should consider not only H2 yield but also stability. Therefore, the catalytic performance 

was defined as the H2 yield averaged over 15000-20000 sec, where the catalytic 

performance is relatively stable. 

 

 

Figure 3.5. H2 yield change over time in 20 catalysts. 
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3.3.3. Evolution of catalysts 

Figure 3.6 shows the box-and-whisker plot of catalyst performance trends by 

generation. Within 9 generations, the performance improved 1.7 time, and the variation 

in performance between catalysts became smaller. It was also able to achieve a large scale 

exploration and confirm the evolution. The results consisted of 160 catalysts, 5120 

element selections and 160208 combinations. 

 

 

Figure 3.6. The evolution of the best and average performance of catalysts along with the 

generation. 

 

3.3.4. Catalysts and their performance 

A total of 160 catalysts were obtained from as a result of evolution over 8 generations 

G1
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(note that duplicates due to the elitism are not counted). Table 3.2 lists the catalyst 

composition and performance of the obtained catalysts. The catalyst code Gx–y refers to 

the yth catalyst in the x generation and Rx refers to the xth reference catalyst, which was 

evaluated separately from the catalyst obtained by GA. Table 3.3 shows the 10 best 

catalysts in the 160 catalysts. These catalysts were found to contain common elements in 

the order Ni > Pd > Al, Co, La > Sr, Ce > Zr > Mg, Ca, Mn, Zn. Although the most 

selected Ni is a highly active element, it has the disadvantage of easy to carbon deposition. 

Transition elements, particularly Ni, Co and Fe, have been reported to exhibit catalytic 

activity [22,23,39], but Fe is not included in the high performance catalysts. This suggests 

that other elements may inhibit Fe, or that Fe may inhibit elements that are superior to 

itself. Pd improves the dispersibility and reducibility of Ni through its hydrogen spillover 

effect [27]. Lanthanides of La and Ce promote metal dispersion and CO2 adsorption on 

γ-Al2O3 [45].  
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Table 3.2. List of catalyst from 2nd generations. Note that top 20 catalysts of the 0th and 1st catalysts were re-evaluated using new protocol. 

      Catalyst composition (%) 
Cat. 

codea 

CH4 

conv. 

CO2 

conv. 

H2 

yield 

CO  

yield 

Total loading 

(mmol/g-support) Mg Al Ca V Mn Fe Co Ni Cu Zn Sr Zr Mo Pd La Ce 

G1-1 20.2 23.8 19.5 26.4 2.10 0 5 5 0 0 0 5 5 0 0 5 10 0 10 10 5 
G1-2 20.0 24.1 19.4 26.1 1.23 0 5 0 5 0 5 5 0 5 5 0 5 0 0 0 0 

G1-3 19.9 23.4 19.0 25.6 1.93 0 15 0 5 0 0 10 5 0 5 5 0 0 0 5 5 

G1-4 18.5 21.6 17.0 23.6 1.58 0 10 5 5 0 5 5 5 5 0 0 0 0 0 0 5 

G1-5 16.7 20.1 14.7 21.9 1.05 0 0 0 0 5 0 0 5 0 0 5 5 0 5 0 5 

G1-6 16.4 18.3 13.6 20.5 2.45 0 0 5 0 0 5 10 5 10 0 15 5 5 10 0 0 

G1-7 15.5 17.2 12.4 19.3 1.75 5 0 0 5 0 0 5 5 0 0 5 10 0 0 15 0 
G1-8 15.0 14.6 11.5 16.7 2.45 0 0 5 0 0 5 10 5 10 0 15 5 5 10 0 0 

G1-9 13.8 13.4 10.9 16.5 1.05 0 0 0 0 0 0 0 5 0 0 5 5 5 5 5 0 

G1-10 13.5 14.4 9.8 16.8 1.40 5 0 0 0 0 5 5 5 0 5 0 0 5 5 0 5 
G1-11 12.6 13.0 9.0 15.8 1.58 5 5 0 0 0 5 5 5 0 5 0 0 5 5 5 0 

G1-12 10.8 9.5 5.6 11.8 1.58 5 5 0 0 0 5 5 0 0 5 5 0 5 5 5 0 

G1-13 9.6 6.1 5.5 9.8 1.23 0 0 0 0 0 0 5 10 5 5 0 0 5 5 0 0 
G1-14 9.4 7.2 4.1 9.7 1.58 0 0 0 0 0 5 5 5 5 0 10 0 0 5 5 5 

G1-15 8.8 5.5 3.2 8.5 1.23 0 0 0 0 0 0 5 5 5 5 0 0 0 5 5 5 

G1-16 8.4 5.2 3.0 8.3 1.23 5 5 0 0 0 5 0 10 0 5 0 0 0 0 5 0 
G1-17 7.4 3.1 2.1 6.5 1.58 0 5 0 5 0 0 0 5 5 0 0 5 0 5 5 10 

G1-18 6.9 0.5 2.1 4.5 2.28 10 10 0 0 5 0 0 10 10 10 0 0 0 10 0 0 

G1-19 4.6 -5.4 0.0 0.3 1.93 0 0 5 10 15 0 5 10 5 0 0 0 5 0 0 0 
G1-20 4.4 -5.6 0.0 0.2 2.63 15 15 0 20 0 5 5 0 0 5 0 0 0 0 0 10 

G2-1 5.4 -2.9 0.3 1.8 1.75 5 5 0 0 0 5 5 0 0 5 0 5 0 10 10 0 

G2-2 13.3 14.2 9.2 39.0 1.93 0 0 5 0 0 0 10 5 5 0 5 5 0 5 10 5 
G2-3 7.9 3.2 2.0 6.2 1.58 5 5 0 0 0 5 0 5 0 5 0 10 0 5 5 0 

G2-4 10.8 5.8 4.8 7.5 1.58 10 10 0 0 0 0 0 10 5 0 0 0 0 10 0 0 

G2-5 19.9 23.9 19.6 26.2 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 
G2-6 7.9 3.7 2.2 6.6 1.05 0 0 0 0 5 0 5 0 0 0 0 5 0 5 5 5 

G2-7 18.7 22.1 17.9 24.2 1.75 0 0 5 0 5 0 5 5 0 0 5 10 0 10 5 0 

G2-8 20.1 23.8 19.4 26.1 1.23 0 0 0 0 5 5 0 5 0 0 5 5 0 5 0 5 
G2-9 7.1 0.5 1.5 4.4 1.75 5 0 0 0 5 5 0 5 0 0 5 5 10 5 0 5 

G2-10 12.0 10.8 6.7 12.9 1.40 0 5 0 0 5 5 0 5 0 5 0 5 0 5 0 5 

G2-11 20.7 24.4 20.3 26.8 1.58 0 0 5 0 0 0 0 5 0 0 5 10 0 5 10 5 

G2-12 12.4 8.0 6.3 9.3 1.23 0 0 0 0 5 0 0 5 5 0 5 5 0 10 0 0 

G2-13 8.6 5.3 3.4 8.2 2.10 0 5 5 0 0 0 5 0 0 5 5 10 5 5 10 5 
G2-14 4.9 -5.6 0.0 0.2 2.28 0 5 5 5 5 0 5 5 5 0 5 5 0 5 10 5 

G2-15 20.1 23.1 18.8 25.7 2.28 0 5 5 0 5 0 5 5 0 0 5 10 0 10 10 5 

G2-16 20.7 23.8 20.0 26.5 1.05 0 0 0 0 5 0 0 10 0 0 5 5 0 0 0 5 
G2-17 19.2 22.3 17.9 24.8 1.23 10 0 0 0 0 5 5 0 0 0 5 0 0 5 0 5 

G2-18 4.1 -5.7 0.0 0.2 1.23 5 5 5 0 0 0 0 5 0 5 0 0 0 0 5 5 

G2-19 6.1 -0.9 0.7 3.3 1.93 0 0 0 0 0 5 5 5 0 5 0 5 5 10 10 5 
G2-20 9.6 6.8 4.2 9.5 1.75 0 0 0 0 5 0 5 5 0 0 10 0 5 10 10 0 
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G3-1 18.3 21.1 15.9 23.0 1.05 0 0 0 0 0 0 0 5 0 0 5 5 0 5 5 5 

G3-2 18.2 21.5 15.8 23.0 1.75 5 5 0 0 0 0 5 10 0 0 5 5 0 5 10 0 

G3-3 17.9 21.0 16.0 23.2 1.23 0 0 0 0 5 5 0 5 0 0 5 5 0 5 0 5 
G3-4 19.3 22.4 17.4 24.5 1.58 0 5 5 0 0 0 5 5 0 5 0 5 0 5 10 0 

G3-5 9.4 6.7 4.1 9.8 2.10 0 0 0 0 0 5 10 5 5 0 10 5 5 10 5 0 

G3-6 19.2 22.0 17.2 23.7 1.75 0 0 5 0 5 0 5 5 0 0 5 10 0 10 5 0 
G3-7 10.4 7.8 4.9 10.5 1.75 0 5 5 0 0 0 0 5 0 5 5 5 0 10 10 0 

G3-8 12.7 12.3 8.1 14.7 1.58 0 0 5 0 0 0 5 5 0 0 5 10 0 5 10 0 

G3-9 11.6 10.0 6.8 12.6 1.40 0 0 5 0 5 0 0 5 0 0 5 10 0 5 5 0 
G3-10 17.9 20.5 15.3 22.5 1.40 5 5 0 0 5 5 0 5 0 0 5 0 0 5 0 5 

G3-11 12.2 11.4 7.7 13.5 1.93 0 0 5 0 5 0 5 5 0 0 5 10 0 10 10 0 

G3-12 16.9 19.1 14.3 21.6 1.23 0 0 0 0 5 5 0 5 0 0 5 5 0 5 0 5 
G3-13 17.0 19.2 14.4 21.7 1.23 0 0 0 0 5 5 0 5 0 0 5 5 0 5 0 5 

G3-14 19.4 22.9 18.0 25.0 1.05 0 0 0 0 5 0 0 5 0 0 5 5 0 5 0 5 

G3-15 4.9 -6.0 0.0 0.1 1.05 0 0 0 0 5 0 0 10 0 0 5 5 0 0 0 5 
G3-16 10.3 6.5 5.0 9.4 1.75 0 0 0 0 5 0 5 5 0 0 10 0 5 10 10 0 

G3-17 4.8 -5.6 0.0 0.1 1.05 0 0 0 0 5 0 0 10 0 0 5 5 0 0 0 5 

G3-18 15.4 17.1 12.2 18.9 1.75 0 0 5 0 5 0 5 5 0 0 5 10 0 10 5 0 
G3-19 18.3 20.9 16.1 23.0 1.05 0 0 0 0 5 0 0 5 0 0 5 5 0 5 0 5 

G3-20 4.5 -5.7 0.0 0.1 1.05 0 0 0 0 5 0 0 10 0 0 5 5 0 0 0 5 

G4-1 20.3 23.2 19.0 26.0 2.10 5 5 5 0 0 0 5 5 0 0 5 10 0 5 10 5 
G4-2 35.3 34.6 10.9 100 1.40 0 5 0 0 0 5 0 5 0 5 0 5 0 5 10 0 

G4-3 19.2 21.8 17.2 23.7 1.23 0 5 0 0 0 0 5 5 0 0 5 5 0 5 5 0 

G4-4 20.1 21.9 18.2 24.3 1.75 5 5 0 0 0 0 5 10 0 0 5 10 0 5 5 0 

G4-5 10.9 7.8 5.7 10.8 1.40 0 0 5 0 5 0 0 5 0 0 5 10 0 5 5 0 

G4-6 15.9 16.6 12.3 18.9 1.93 0 0 5 0 5 0 5 5 0 0 5 10 0 10 10 0 

G4-7 20.0 22.8 18.4 25.4 1.58 0 5 0 0 0 0 5 5 0 0 5 10 0 5 5 5 
G4-8 18.7 20.4 16.0 22.6 1.58 5 10 0 0 0 0 5 5 0 5 0 0 0 5 10 0 

G4-9 18.0 19.5 15.0 22.2 1.23 0 0 0 0 5 5 0 5 0 0 5 5 0 5 0 5 

G4-10 18.0 18.9 15.0 21.6 1.40 0 0 5 0 5 0 0 5 0 0 5 5 0 10 0 5 
G4-11 21.1 23.7 19.6 26.4 1.40 0 5 0 0 0 0 5 5 0 0 5 5 0 10 0 5 

G4-12 20.6 23.0 18.4 25.3 1.58 0 0 5 0 5 0 5 5 0 0 5 5 0 5 5 5 

G4-13 19.5 21.3 17.0 23.8 1.05 0 0 0 0 5 0 0 5 0 0 5 5 0 5 0 5 
G4-14 17.3 18.7 14.1 21.3 1.05 0 0 0 0 5 0 0 10 0 0 5 5 0 0 0 5 

G4-15 14.2 12.7 9.2 15.4 1.75 0 0 5 0 5 0 5 5 0 0 5 10 0 10 5 0 

G4-16 13.9 12.5 9.3 15.4 1.75 0 0 5 0 5 0 5 5 0 0 5 10 0 10 5 0 
G4-17 21.5 23.3 19.6 25.3 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 

G4-18 20.3 23.1 18.8 25.6 1.58 0 5 5 0 0 0 5 5 0 5 0 5 0 5 10 0 
G4-19 16.0 17.2 12.4 19.7 1.23 0 0 0 0 5 5 0 5 0 0 5 5 0 5 0 5 

G4-20 20.9 23.6 19.3 26.0 1.05 0 0 0 0 0 0 0 5 0 0 5 5 0 5 5 5 

G5-1 20.9 23.0 18.2 25.5 1.75 5 10 0 0 0 0 5 10 0 0 0 5 0 10 5 0 
G5-2 18.9 21.4 15.3 23.4 1.23 0 10 0 0 5 0 5 5 0 0 5 0 0 0 5 0 

G5-3 19.9 21.4 17.0 24.2 1.58 0 5 0 0 5 0 5 10 0 0 5 5 0 5 5 0 

G5-4 18.2 18.4 14.1 20.7 1.23 0 5 0 0 5 0 0 5 0 0 5 5 0 5 0 5 
G5-5 20.5 21.4 17.6 24.3 1.93 0 0 5 0 5 0 5 5 0 0 5 10 0 5 10 5 

G5-6 19.6 20.4 16.0 22.6 1.93 0 5 5 0 0 0 5 5 0 0 5 10 0 5 10 5 
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G5-7 20.4 21.5 17.1 23.7 1.75 5 10 0 0 0 0 5 10 0 0 5 5 0 5 5 0 

G5-8 18.1 18.6 14.1 21.2 1.23 0 0 0 0 0 0 5 10 0 0 5 0 0 0 10 5 

G5-9 20.5 22.2 17.4 24.9 1.75 5 5 5 0 0 0 5 5 0 0 5 0 0 5 10 5 
G5-10 20.5 22.6 17.6 25.5 1.40 0 0 0 0 5 0 5 5 0 0 5 5 0 5 10 0 

G5-11 21.6 23.1 19.0 25.7 1.23 0 5 0 0 0 0 5 5 0 0 5 5 0 10 0 0 

G5-12 5.5 -6.2 0.0 0.1 1.75 5 5 0 0 0 0 5 10 0 5 5 0 0 5 10 0 
G5-13 21.0 23.6 18.3 26.1 1.05 0 0 0 0 0 0 0 5 0 0 5 5 0 5 5 5 

G5-14 19.8 20.7 16.4 23.2 1.75 5 5 0 0 0 0 5 10 0 0 5 10 0 5 5 0 

G5-15 19.8 20.1 16.4 22.9 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 
G5-16 21.5 23.4 18.7 25.8 1.40 0 5 0 0 0 5 0 5 0 5 0 5 0 5 10 0 

G5-17 20.5 22.2 17.7 25.1 1.40 0 5 0 0 0 0 5 5 0 0 5 5 0 10 0 5 

G5-18 21.0 23.0 18.3 25.2 2.10 0 5 5 0 0 0 5 5 0 0 5 10 0 10 10 5 
G5-19 20.4 22.2 17.8 25.0 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 

G5-20 14.5 13.3 9.2 15.9 1.40 0 0 5 0 5 0 0 5 0 0 5 10 0 5 5 0 

G6-1 18.6 20.8 16.3 23.3 1.58 0 5 0 0 0 0 5 10 0 0 5 10 0 5 5 0 
G6-2 19.0 21.3 16.3 22.8 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 

G6-3 5.8 -2.0 0.5 2.9 1.05 0 0 0 0 5 0 0 5 0 0 5 5 0 0 5 5 

G6-4 20.6 23.8 18.8 26.3 1.93 5 5 5 0 5 0 5 5 0 0 5 5 0 5 5 5 
G6-5 19.8 23.0 18.2 25.6 1.58 0 5 0 0 0 0 0 5 0 5 5 5 0 5 10 5 

G6-6 8.6 5.7 3.5 9.1 1.23 0 5 0 0 5 0 0 10 0 0 5 5 0 0 0 5 

G6-7 18.8 21.2 16.5 23.7 1.75 5 10 0 0 0 0 5 5 0 0 5 0 0 5 10 5 
G6-8 17.6 19.5 14.9 22.1 1.75 0 10 0 0 0 0 5 5 0 0 5 5 0 5 10 5 

G6-9 18.1 19.4 15.1 21.7 1.58 0 5 5 0 5 0 5 5 0 0 5 0 0 5 10 0 

G6-10 5.7 -3.0 0.4 2.3 1.23 0 5 0 0 5 0 5 5 0 0 5 0 0 0 5 5 

G6-11 4.6 -5.7 0.1 0.4 1.40 5 0 0 0 5 0 0 10 0 5 5 5 0 0 5 0 

G6-12 21.4 24.5 20.0 26.5 1.58 0 10 0 0 0 0 5 10 0 0 5 0 0 5 5 5 

G6-13 20.8 24.1 18.7 25.9 1.40 0 5 0 0 0 0 5 5 0 0 5 5 0 10 0 5 
G6-14 20.2 22.7 18.4 24.8 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 

G6-15 20.6 23.1 18.9 25.5 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 

G6-16 16.4 16.8 12.5 19.3 1.58 0 5 0 0 5 0 5 10 0 0 5 5 0 5 5 0 
G6-17 20.8 23.6 19.1 25.5 1.75 5 5 0 0 0 0 5 10 0 5 5 0 0 5 10 0 

G6-18 20.6 23.6 19.1 25.7 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 

G6-19 20.3 23.9 19.0 26.2 1.40 0 5 0 0 0 0 5 5 0 0 5 5 0 10 0 5 
G6-20 20.2 23.1 18.1 25.0 1.75 5 5 0 0 0 0 5 10 0 0 5 10 0 5 5 0 

G7-1 20.7 23.3 18.6 26.3 1.40 5 5 0 0 0 0 0 5 0 0 5 5 0 10 0 5 

G7-2 18.9 20.7 15.8 23.0 1.75 5 10 0 0 0 0 5 10 0 0 0 10 0 5 5 0 
G7-3 21.1 22.7 18.7 25.4 1.58 0 10 0 0 0 0 5 10 0 5 5 0 0 5 5 0 

G7-4 5.2 -6.8 0.0 0.1 1.58 5 5 0 0 5 0 5 10 0 0 5 5 0 0 0 5 
G7-5 18.8 19.2 15.3 22.2 1.75 5 5 0 0 0 0 5 10 0 5 5 0 0 5 10 0 

G7-6 10.9 7.7 5.1 11.1 1.58 5 5 0 0 0 0 0 5 0 5 5 10 0 5 5 0 

G7-7 20.8 22.5 18.6 25.6 1.75 5 5 0 0 0 0 5 10 0 0 5 5 0 5 5 5 
G7-8 19.2 20.6 16.4 23.4 1.58 0 10 0 0 5 0 5 5 0 0 5 0 0 5 10 0 

G7-9 15.3 15.2 10.9 18.2 1.75 0 10 0 0 5 0 5 10 0 0 5 5 0 0 5 5 

G7-10 20.1 22.3 17.9 25.5 1.58 0 10 0 0 0 0 5 5 0 0 5 0 0 10 5 5 
G7-11 21.5 23.7 19.5 26.5 1.58 0 10 0 0 0 0 5 10 0 0 0 0 0 5 10 5 

G7-12 4.8 -6.8 0.0 0.1 1.40 5 0 0 0 0 0 5 10 0 0 5 5 0 0 5 5 
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G7-13 20.5 23.0 18.4 26.1 1.40 0 5 0 0 0 0 5 5 0 0 5 5 0 10 0 5 

G7-14 21.1 22.7 18.7 25.4 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 

G7-15 20.1 21.5 17.4 24.4 1.58 0 5 0 0 5 0 5 10 0 0 5 5 0 5 5 0 
G7-16 21.1 22.6 18.5 25.3 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 

G7-17 22.0 24.0 20.1 26.5 1.58 0 10 0 0 0 0 5 10 0 0 5 0 0 5 5 5 

G7-18 21.5 23.4 19.1 25.9 1.58 0 10 0 0 0 0 5 10 0 0 5 0 0 5 5 5 
G7-19 21.1 23.1 19.1 25.8 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 

G7-20 20.6 23.1 18.3 26.0 1.40 0 5 0 0 0 0 5 5 0 0 5 5 0 10 0 5 

G8-1 19.7 21.3 17.1 23.9 1.75 5 10 0 0 0 0 5 10 0 0 0 5 0 5 10 0 
G8-2 18.0 19.8 14.7 21.7 1.75 5 10 0 0 0 0 5 10 0 0 0 5 0 5 10 0 

G8-3 19.0 19.6 15.8 22.0 1.40 0 5 0 0 0 0 5 10 0 0 5 0 0 10 5 0 

G8-4 20.1 21.1 17.4 23.7 1.58 0 15 0 0 0 0 5 10 0 0 0 0 0 5 10 0 
G8-5 20.3 22.5 18.2 25.6 1.75 0 10 0 0 0 0 5 10 0 5 0 0 0 5 10 5 

G8-6 18.0 20.0 15.4 23.0 1.40 0 10 0 0 0 0 5 5 0 0 5 0 0 5 5 5 

G8-7 17.0 17.8 14.0 20.8 1.58 0 10 0 0 5 0 5 5 0 0 5 0 0 10 5 0 
G8-8 19.1 21.0 16.8 24.1 1.75 0 10 0 0 0 0 5 10 0 5 5 0 0 5 5 5 

G8-9 17.7 19.2 14.7 22.3 1.58 0 10 0 0 5 0 5 5 0 5 0 0 0 5 10 0 

G8-10 19.2 20.0 16.2 22.5 1.58 5 10 0 0 0 0 5 10 0 0 5 0 0 5 5 0 
G8-11 19.5 21.2 17.0 23.9 1.75 5 10 0 0 0 0 5 10 0 0 0 10 0 5 5 0 

G8-12 4.5 -7.0 0.0 0.1 1.05 0 0 0 0 0 0 5 10 0 0 5 5 0 0 0 5 

G8-13 20.2 22.3 18.1 25.3 1.58 0 10 0 0 0 0 5 10 0 0 5 0 0 5 5 5 
G8-14 18.9 20.5 16.6 23.5 1.75 5 5 0 0 0 0 5 10 0 5 5 0 0 5 10 0 

G8-15 19.6 20.8 17.0 24.0 1.58 0 10 0 0 0 0 5 10 0 0 0 0 0 5 10 5 

G8-16 19.7 21.9 17.5 25.0 1.40 0 5 0 0 0 0 5 5 0 0 5 5 0 10 0 5 

G8-17 19.8 22.1 17.4 25.0 1.40 5 5 0 0 0 0 0 5 0 0 5 5 0 10 0 5 

G8-18 21.3 23.0 19.1 25.2 1.58 0 10 0 0 0 0 5 10 0 0 5 0 0 5 5 5 

G8-19 21.9 22.9 19.9 25.2 1.58 0 5 0 0 5 0 5 10 0 0 5 5 0 5 5 0 
G8-20 18.3 20.0 15.9 22.7 1.58 0 10 0 0 5 0 5 5 0 0 5 0 0 5 10 0 

R1 43.4 26.8 35.7 18.2 3.50 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 

R2 38.8 25.7 32.4 16.7 2.63 0 0 0 0 0 0 0 75.0 0 0 0 0 0 0 0 0 
R3 37.1 25.7 32.3 18.3 1.75 0 0 0 0 0 0 0 50.0 0 0 0 0 0 0 0 0 

R4 31.3 24.2 28.8 19.7 0.88 0 0 0 0 0 0 0 25.0 0 0 0 0 0 0 0 0 

R5 41.6 26.7 34.1 21.3 3.50 0 0 0 0 0 0 50.0 50.0 0 0 0 0 0 0 0 0 
R6 38.4 26.9 32.2 20.4 2.63 0 0 0 0 0 0 37.5 37.5 0 0 0 0 0 0 0 0 

R7 34.8 25.5 30.6 19.8 1.75 0 0 0 0 0 0 25.0 25.0 0 0 0 0 0 0 0 0 

R8 5.4 -5.3 0.0 0.0 0.88 0 0 0 0 0 0 12.5 12.5 0 0 0 0 0 0 0 0 
R9 n.d.b n.d. n.d. n.d. 3.50 0 0 0 0 0 50.0 50.0 0 0 0 0 0 0 0 0 0 

R10 25.2 23.1 24.5 22.6 2.63 0 0 0 0 0 22.8 0 52.2 0 0 0 0 0 0 0 0 
R11 5.4 -3.9 0.1 0.7 1.75 0 0 0 0 0 15.2 0 34.8 0 0 0 0 0 0 0 0 

R12 23.0 23.9 22.2 24.0 0.88 0 0 0 0 0 7.6 0 17.4 0 0 0 0 0 0 0 0 

R13 36.6 28.5 31.7 31.6 3.50 0 0 0 0 0 0 20.0 46.7 0 0 0 0 0 0 33.3 0 
R14 32.5 26.4 29.1 21.2 2.63 0 0 0 0 0 0 15.0 35.0 0 0 0 0 0 0 25.0 0 

R15 25.6 24.5 24.6 22.8 1.75 0 0 0 0 0 0 10.0 23.4 0 0 0 0 0 0 16.7 0 

R16 5.4 -5.2 0.0 0.1 0.88 0 0 0 0 0 0 5.0 11.7 0 0 0 0 0 0 8.3 0 
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aGx-y refers to the yth best catalyst in the xth generation and Rx refers to the xth reference catalyst. bThe performance of Ref. 9 (3.5 mmol/g-

support, Fe50-Ni50/γ-Al2O3) could not be evaluated due to the catalyst clogging. 

 

Table 3.3. 10 best performing catalysts at 500 ºC. 

      Catalyst composition (%) 

Cat. 

codea 

CH4 

conv. 

CO2 

conv. 

H2 

yield 

CO  

yield 

Total loading 

(mmol/g-support) Mg Al Ca V Mn Fe Co Ni Cu Zn Sr Zr Mo Pd La Ce 

G2-11 20.7 24.4 20.3 26.8 1.58 0 0 5 0 0 0 0 5 0 0 5 10 0 5 10 5 

G7-17 22.0 24.0 20.1 26.5 1.58 0 10 0 0 0 0 5 10 0 0 5 0 0 5 5 5 

G2-16 20.7 23.8 20.0 26.5 1.05 0 0 0 0 5 0 0 10 0 0 5 5 0 0 0 5 

G6-12 21.4 24.5 20.0 26.5 1.58 0 10 0 0 0 0 5 10 0 0 5 0 0 5 5 5 

G8-19 21.9 22.9 19.9 25.2 1.58 0 5 0 0 5 0 5 10 0 0 5 5 0 5 5 0 

G2-5 19.9 23.9 19.6 26.2 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 

G4-11 21.1 23.7 19.6 26.4 1.40 0 5 0 0 0 0 5 5 0 0 5 5 0 10 0 5 

G4-17 21.5 23.3 19.6 25.3 1.75 5 10 0 0 0 0 5 10 0 5 0 0 0 5 10 0 

G1-1 20.2 23.8 19.5 26.4 2.10 0 5 5 0 0 0 5 5 0 0 5 10 0 10 10 5 

G7-11 21.5 23.7 19.5 26.5 1.58 0 10 0 0 0 0 5 10 0 0 0 0 0 5 10 5 
aGx-y refers to the yth best catalyst in the xth generation. 
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3.3.5. Selection of elements 

The evolution process changes catalysts in a way to increase the performance, where 

elements that have a positive effect on the performance will be selected more, and vice 

versa. Figure 3.7 shows how element selection change over the course of evolution. G0, 

1 are composed of the top 20 catalyst from 0th and 1st catalysts evaluated under the 

previous experimental conditions. The elements selected by evolution were Ni, Al > La > 

Pd > Co, and the eliminated elements were Ca, V, Fe, Cu, and Mo. Ni and Pd have been 

reported as highly active elements on their own. La plays a role in promoting CO2 

adsorption, and Co is a typical element that inhibits carbon deposition. Al may play a role 

in linking the support (γ-Al2O3) and the active elements, since this element is also 

contained in the support. 

 

 

Figure 3.7. Percent stacked area chart for the selection of elements along with the 

generation. 
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3.3.6. Principal component analysis 

The relationship between catalytic performance and each element was visualized by 

principal component analysis (Figure 3.8). The closer the direction between the arrows, 

the stronger the correlation between items, and the longer the arrows, the greater the 

variability of the data. From Figure 3.8, high CH4 conversion and CO2 conversion are 

necessary to obtain high H2 yield. The weak correlation between loading amount suggests 

that selecting synergistic combinations is more important than increasing loading amount 

in the design of high performance catalysts. 

  



 

105 
 

 

Figure 3.8. Visualize the correlation between elements and catalytic performance in 160 catalysts by principal component analysis. 
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3.3.7. Decision tree analysis 

Decision tree classification was used to visualize catalyst design guidelines. 260 

catalysts were classified as ≥15% H2 yield and others. The percentage of element content 

was used as the features, and based on the Gini index, each leaf was divided until it was 

completely pure. For visible clarity, the obtained tree was pruned with a restriction of 

more than 10 samples to each split (Figure 3.9). The entire tree without pruning is shown 

in Figure 3.10. In Figure 3.9, of the 101 catalysts with H2 yields greater than 15%, 59% 

contained no Mo, Fe, Mn, or Ca and contained Pd. Of these, 57% contained Al. 
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Figure 3.9. Catalyst design guideline visualized by decision tree classification. 260 

catalysts are classified into the H2 yield ≥15% (red) or other (blue) using the percentage 

of elements in the catalyst. The numbers in each split and leaf correspond to the numbers 

of catalysts for the two classes. 
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Figure 3.10. Entire decision tree. The 260 catalysts are classified into the H2 yield ≥15% (red) or other (blue) using the percentage of 

elements in the catalyst.  
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3.3.8. Synergism and catalytic performance 

In order to evaluate the interaction between elements, I introduced a synergy value 

as defined in Equation (3.7),  

Synergy (α, β) = H2 yieldα∩β/H2 yieldα∆β          (3.7). 

This is the ratio of the performance averaged across catalysts containing both elements α 

and β (α∩β) to the performance of the combination containing either α or β (α∆β). If this 

value is greater than 1, the combination is considered synergistic, and vice versa. Figure 

3.11 confirms that the synergistic effect and catalytic performance showed a quadratic 

increase. This suggests that catalyst performance may be determined by the synergistic 

combination of highly active elements. 
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Figure 3.11. Impact of synergistic combinations on the performance of catalysts at 500 

ºC. The synergy is evaluated based on Equation (3.7). It compares the average H2 yield 

of catalysts between when both of element α and β are contained and when either of α 

and β is contained. H2 yieldα∩β corresponds to the former case, i.e., the average H2 yield 

of catalysts having both of α and β. 

 

3.3.9. Synergistic and antagonistic combinations 

Table 3.4 shows the most synergistic and antagonistic combination. In the synergy 
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side, elements that frequently appeared are Ni > Pd, Sr > Co, Zr > Ca in this order. 

Focusing on the types of combinations, it can be seen that they consist of a single highly 

active element (Ni, Pd), a combination that inhibits coking (Co), a combination that 

promotes dispersion (Zr, Sr), and a combination that promotes CO2 adsorption (Ca). This 

suggests that the combination of highly active elements, or elements that can assist them, 

work synergistically to improve catalytic performance. In the antagonist side, elements 

that frequently appeared are V >> Mn, Cu, Zn in this order. 

 

Table 3.4. Synergistic and antagonistic combinations of elementsa 

Ranking Synergistic combination Antagonistic combination 

 α β Synergy 〈1/Abs〉α∩β α β Synergy 〈1/Abs〉α∩β 

1 Ni Pd 13.28 5.91 V Ni 0.02 0.06 

2 Sr Pd 4.44 5.86 V Pd 0.02 0.07 

3 Zr Pd 3.54 6.38 V Sr 0.02 0.06 

4 Ni Sr 2.84 4.52 V Co 0.02 0.06 

5 Co Pd 2.84 4.81 V Zr 0.02 0.07 

6 Sr Zr 2.68 4.13 V Ce 0.03 0.06 

7 Ni Zr 2.28 4.08 Al V 0.03 0.06 

8 Ca Pd 2.20 6.31 V La 0.03 0.07 

9 Co Ni 2.06 4.00 Ca V 0.04 0.07 

10 Ca Co 1.91 4.13 V Mn 0.04 0.06 

11 Al La 1.43 4.03 V Zn 0.05 0.06 

12 Mg Zn 1.43 2.52 V Fe 0.05 0.06 

13 Ca Sr 1.43 4.49 V Cu 0.05 0.06 

14 Co Ni 1.40 5.09 V Mo 0.05 0.06 

15 Ni La 1.37 4.84 Mg V 0.05 0.07 

16 Al Co 1.36 4.15 Zn Sr 0.20 0.72 

17 Ca Pd 1.35 4.86 Mn Zn 0.30 0.68 

18 Ca Co 1.35 3.96 Mn Fe 0.31 0.75 

19 Mn Ce 1.34 3.73 Cu Ce 0.32 0.99 

20 Sr Ce 1.34 4.45 Cu La 0.33 1.04 
aAn impact of combining two elements, α and β, is evaluated based on Equation (3.7). 

The larger the synergy value, the more synergistic the combination, and vice versa. H2 

yieldα∩β indicates the average H2 yield for catalysts which contain both of the elements 

(α and β). 
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2.3.8. Visualization by force-directed graph 

In order to derive heuristics on the design of more complex catalysts, binary 

interactions between elements were visualized using a force-directed graph (Figure 3.12). 

Figure 3.12 shows a graph where node represents an element and edge reflects the synergy 

value of the corresponding element combination. The higher the synergy value, the more 

the corresponding nodes attract each other. Figure 3.12 shows that there are clusters of 

elements in close proximity to each other (Ca, Co, Ni, Sr, Zr, Pd). The fact that a cluster 

is formed indicates that the elements belonging to the cluster are synergistic with each 

other. The 10 best performing catalysts in Table 3.3 commonly include these elements, 

leading to the hypothesis that catalysts with more synergistic combinations will perform 

better. This trend was also observed in the design of stabilizer formulations in the photo-

degradation of polystyrene discussed in chapter 2. Other elements are located far from 

clusters, some in isolation (Mg, V, Fe, Cu, Zn, Mo). Among these elements, V, Fe, Cu, 

and Mo correspond were eliminated during evolution (Figure 3.7), and the reason for 

elimination is that they are antagonistic to the others. 
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Figure 3.12. Visualization of binary interactions based on a force-directed graph. The 

nodes represent each element. An edge reflects the synergy value between the 

correspondent elements, where the closer the nodes are, the more synergistic the elements 

are. V showed a strong antagonistic effect, and drifted far away from the other elements.  
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3.4. Conclusions 

In this chapter, a multidimensional exploration for DRM catalysts was performed 

combining the HTE instrument and GA, which can evaluate the performance of 20 

catalysts at once. Catalyst clogging during the process of catalyst evolution made it 

difficult to evaluate 20 catalysts at once. To address this problem, experimental conditions 

were changed to a reaction temperature (500 ºC), total flow rate (Q = 20 mL/channel), 

and CH4/CO2 ratio (1.00), and the catalyst was evaluated for 20000 sec. The catalytic 

performance was defined as the H2 yield averaged over 15000-20000 sec, where the 

performance is stable, and the catalyst exploration is continued. In addition, the obtained 

data set was analyzed to derive guidelines for catalyst design. Major findings are as 

follows. 

⚫ Most high-performance catalysts obtained through evolution are composed of 

elements that are highly active on their own and elements that assist those elements. 

⚫ The combination of highly active elements or elements that can assist them work 

synergistically to improve catalytic performance. 

⚫ To design a high-performance catalyst, it is important to use highly active elements 

and elements that can assist them as the main components. 
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In general, the composition and structure of the materials to be designed are 

multifaceted because improving the performance of a material requires controlling 

multiple factors. However, because the interactions between elements in 

multidimensional material design are extremely complex, material development to date 

has mainly been a trial-and-error approach, in which materials synthesis and evaluation 

are repeated based on intuition and experience. In this thesis, we aim to control chemical 

reactions through multidimensional material exploration by combining materials 

informatics and high-throughput experiments. The versatility of the methodology 

proposed in this thesis will be demonstrated by exploring different material systems in 

different fields, such as stabilizer formulations for the prevention of yellowing of 

polymers and low-temperature dry reforming of methane as a catalyst. The main 

conclusions are as follows: 

In chapter 2, I established an HTE protocol for the inhibition of yellowing of 

polystyrene by solution film casting on microplates and UV-visible spectroscopy using a 

microplate reader, and combined this with genetic algorithms (GA) to achieve 

stabilization. This was combined with a genetic algorithm (GA) to achieve a large-scale 

exploration for stabilizing agent formulations. Furthermore, the obtained experimental 

data were analyzed from a data science perspective. The analysis revealed that the 

durability of polymers can be improved by synergistic combination of stabilizers that play 

complementary roles in inhibiting degradation, or by synergistic combination of 

stabilizers of the same type with different reactivity and stability. The hypothesis that it is 
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important to combine as many stabilizers as possible that are synergistic with each other 

in order to design high performance formulations was derived, and this was substantiated 

by additional experiments. 

In chapter 3, a multidimensional design of catalysts for the low-temperature dry 

reforming (DRM) of methane was investigated using a combination of HTE instrument 

and GA. Analysis of the data sets obtained for various catalysts and experimental 

conditions showed that increasing temperature and CO2 flow rate contributed 

significantly to the decrease in H2 yield due to the reverse water gas shift, a side reaction 

of DRM, while catalyst loading contributed little to H2 yield, CO yield, while Pd, which 

was abundant in the high-performance catalysts found in GA, was found to have a 

hydrogen spillover effect, which is a combination of Pd, which improves Ni dispersion 

and reduction, and La and Ce, which promote metal dispersion and CO2 adsorption on γ-

Al2O3. lanthanides were confirmed to be present. As in chapter 2, I also found that the 

inclusion of as many synergistic elements as possible is important for the design of high-

performance catalysts. 

In summary, the two verifications achieved a large-scale combinatorial search. In 

addition, it was found that it is very important to select and coexist elements that establish 

synergistic effects with each other in the multidimensional material design for chemical 

reaction control. In conclusion, this study has demonstrated a new methodology for 

multidisciplinary material design through “Realization of multidimensional 

exploration”, ”Discovery of new combinations” and “Derivation of design guidelines”. 
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