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Abstract

:

Over the past few years, various nanoparticle-supported precious metal-based catalysts have been investigated to reduce the emission of harmful substances from automobiles. Generally, precious metal nanoparticle-based exhaust gas catalysts are prepared using the impregnation method. However, these catalysts suffer from the low catalytic activity of the precious metal nanoparticles involved. Therefore, in this study, we developed a novel method for preparing highly efficient glass fiber-supported Pt nanoparticle catalysts. We uniformly deposited a single layer of platinum particles on the support surface using a chemically adsorbed monomolecular film. The octane combustion performance of the resulting catalyst was compared with that of a commercial catalyst. The precious metal loading ratio of the proposed catalyst was approximately seven times that of the commercial catalyst. Approximately one-twelfth of the mass of the proposed catalyst exhibited a performance comparable to that of the commercial catalyst. Thus, the synthesis method used herein can be used to reduce the weight, size, and manufacturing cost of exhaust gas purification devices used in cars.
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1. Introduction


Carbon monoxide, hydrocarbons, nitrogen oxides (NOx), and particulate matter such as soot are harmful air pollutants emitted from automobiles. Vehicle emission regulations are becoming increasingly stringent. To reduce the emission of harmful pollutants from automobiles and meet the demand for energy conservation, researchers have attempted to improve the performance of precious metal catalysts used in automobile exhaust gas purification devices and fuel cells. Conventionally, these catalysts are supported on a porous oxide such as silicon dioxide (silica: SiO2) or aluminum oxide (alumina: Al2O3) or a substrate with a large specific surface area such as activated carbon. Supported precious metal nanoparticle catalysts based on metals such as Pt, Rh, and Pd have been widely investigated [1,2,3,4]. Such precious metal nanoparticle-based catalysts are typically prepared using the impregnation method [5]. However, the precious metal nanoparticles in the catalysts prepared using this method aggregate at high temperatures, and hence show poor dispersion. Moreover, it is difficult to control the nanoparticle diameter using this method. This results in a significant reduction in the effective surface area and catalytic activity of the nanoparticles. Moreover, precious metals (particularly Pt group metals) are highly expensive, and hence should ideally be used in limited quantities. Motivated by these challenges, herein, we developed a novel method for preparing highly efficient glass fiber-supported Pt nanoparticle catalysts. We deposited Pt nanoparticles uniformly on a chemically adsorbed monomolecular film formed on the surface of a glass fiber support. The nanoparticles were densely packed in a single layer to avoid wastage. The monomolecular film could be removed by heat treatment. The objective of this study was to develop a highly efficient Pt catalyst with a large effective surface area that could maintain high stability and catalytic activity even under high temperature environments such as engine exhaust devices.




2. Results and Discussion


2.1. Observation of Pt Catalyst


Figure 1 shows the field emission scanning electron microscopy (FE-SEM) images of the Pt catalyst surface. Table 1 lists the precious metal loading rates (precious metal particle weight/catalyst weight × 100) of the Pt catalyst prepared herein and the commercial catalyst.



Figure 1a,b reveal that Pt nanoparticles (on the scale of 10 nm) were dispersed on a single layer on the surface of the glass fiber substrate. Moreover, the Pt particles exhibited minimal aggregation because of sintering at 350 °C (Figure 1b). However, the Pt particles could not be grafted when the 3-mercaptopropyltrimethoxysilane (MPTS) monolayer was formed (Figure 1c). This suggests that using a chemically adsorbed monolayer with a terminal thiol (-SH) is an effective route for forming a single layer of Pt particles with a large specific surface area. As can be observed from Table 1, the loading ratio of the Pt catalyst prepared in this study was approximately seven times larger than that of the commercially available catalyst.




2.2. Thermal Characterization during Catalyst Preparation


Figure 2 shows the thermogravimetry–differential scanning calorimetry (TG–DSC) results of the Pt catalyst. The catalyst showed weight loss as the temperature approached 200 °C. Hence, a DSC peak was observed. This peak can be attributed to the volatilization of MPTS, whose boiling point is approximately 215 °C. The results show that the weight of the MPTS lost by volatilization decreased and that the chemisorbed monomolecular film was sufficiently removed by heating the catalyst at 350 °C.




2.3. Effective Surface Area of the Catalyst


Figure 3 shows the X-ray diffraction (XRD) results of the Pt catalyst before and after the heat treatment. The catalyst showed a Pt peak at 2θ = approximately 40°. After heat treatment, the intensity of this peak increased, whereas the full width at half maximum decreased. This suggests that the particles aggregated, and the particle diameter increased after the heat treatment. This also suggests that the specific surface area of the particles decreased after the heat treatment. However, as the peak obtained after the heat treatment was not extremely sharp, it can be stated that the specific surface area required for the catalytic reaction was sufficient.



It was assumed that the particles shown in Figure 1 a were approximately 5 nm in diameter. In addition, the surface area and volume per particle were approximately 3.14 × 10−16 m2 and 5.24 × 10−19 cm3, respectively. Since the density of platinum was 21.45 g/cm3, the weight and number of units per particle were 1.12 × 10−17 g and 8.90 × 1016, respectively. Moreover, the BET surface area was approximately 27.96 m2/g. In contrast, Figure 3 shows that the BET surface area decreased to approximately 14.02 m2/g because the half width before and after heating had nearly doubled in size. Furthermore, as described above, since the catalytic effect was considered to be saturated at 300 °C or higher, it was found that a sufficient catalytic effect was exhibited by the BET surface area of the platinum particles after the heat treatment. In the referenced literature, the average particle size of platinum was 62 nm. The BET surface area calculated from this was approximately 4.37 mm2/g. From this, it is considered that the platinum catalyst developed in this study has a large BET surface area and exhibits high performance [6].




2.4. Catalyst Performance Evaluation


Figure 4 and Figure 5 show the amount of water generated and the octane combustion rates of the catalysts as a function of temperature, respectively. In the absence of a catalyst, the amount of water produced by the combustion of octane remained nearly constant at temperatures up to 300 °C. However, the amount of water generated increased substantially with an increase in temperature to 400 °C. This can be attributed to octane self-burning. Volatile organic compounds (VOCs) typically burn completely to form water and carbon dioxide with an increase in temperature from approximately 750 to 850 °C (direct combustion method) [7]. Thus, at 400 °C, octane acted as a VOC and underwent combustion even in the absence of the catalyst, thus producing a large amount of water. At 200 °C, the amount of water produced in the presence of the catalysts (both the Pt and commercial catalyst) was higher than that produced in the absence of the catalysts. Furthermore, at temperatures ≥300 °C, the catalysts showed no significant change in the amount of water produced. This indicates that the performance of the catalysts could be evaluated at temperatures ≥200 °C. However, the performance of the catalysts saturated at temperatures higher than 300 °C. These results indicate that the performance of the Pt catalysts prepared in this study was comparable to that of the commercial catalyst. As can be observed from Table 2, the Pt catalyst showed a higher octane combustion rate per gram of the catalyst and precious metal particles than the commercial catalyst.



At temperatures of 200 °C or higher, the Pt catalyst showed an octane combustion rate that was approximately 12 times higher per gram than that of the commercial catalyst. On the contrary, the octane combustion rate per gram of the precious metal particles of the Pt catalyst was approximately two times higher than that of the commercial catalyst. Pt and Pd show the same catalytic performance for the combustion of hydrocarbons [8]. However, the performance of 1/12th of the mass of the Pt catalyst prepared in this study was comparable to that of the commercial catalyst prepared using the conventional method. This indicates that the precious metal utilization efficiency of the Pt catalyst was higher than that of the commercial catalyst. These results suggest that the Pt catalyst developed in this study was approximately two times more efficient than the commercially available catalyst. Therefore, the synthesis method used in this study can be applied to prepare catalysts for exhaust gas purification devices used in cars to reduce their weight, size, and cost. However, further investigation is required to evaluate the efficiency of this method in the presence of coke.





3. Materials and Methods


3.1. Preparation of Platinum Catalyst


The glass fiber substrate (manufactured by Masuda Rika Kogyo Co., Ltd.) (Osaka, Japan) was heated at 350 °C for 1 h using an electric furnace to remove organic matter from its surface. After the heat treatment, the glass fiber was ultrasonically cleaned with ethanol for 5 min. After drying, the material was further irradiated under air atmosphere for 10 min using an excimer light irradiation device (Ushio Inc., UER20-172B) (Tokyo, Japan), and the surface was further oxidized with generated ozone to achieve hydrophilization. After the irradiation, the glass fiber was immersed at room temperature for 2 h in a chemical adsorption solution prepared under the conditions listed in Table 3 [9].



MPTS (Shin-Etsu Chemical Co., Ltd.) (Tokyo, Japan) was used as the chemical adsorbent in this study (Figure 6). After immersion in the chemical adsorption solution, the glass fiber was removed and subjected to ultrasonic washing with ethanol for 5 min to deposit a monomolecular film on its surface. The glass fiber with the monomolecular film was then placed in a sample case and left under air atmosphere for at least 24 h. Finally, the glass fiber was washed with chloroform, acetone, and ethanol, and then dried.



Figure 7 shows the Fourier-transform infrared-reflection absorption spectroscopy (FTIR-RAS) (Massachusetts, USA) profile of the glass substrate with the MPTS film. The absorption peaks corresponding to the carbon chains of MPTS confirm the chemical adsorption of MPTS onto the glass substrate [10]. In order to graft the substrate with Pt particles, it was immersed for 4 h in a dispersion of Pt nanoparticles (manufactured by Shikoku Keisoku Co.; size distribution of the particles is shown in Figure 8) (Kagawa, Japan) (adsorption solvent = ethylene glycol) prepared to a particle concentration of 2.5 wt% [11].



Immersion was achieved by ultrasonically stirring the Pt nanoparticle dispersion using an ultrasonic homogenizer. Then, ultrasonic cleaning was carried out using ethanol to prepare the glass fibers and to graft Pt nanoparticles onto them. Thereafter, the monomolecular film was decomposed and Pt was cured by heating the resulting assembly at 350 °C, using an electric furnace (Tokyo, Japan) under air atmosphere for 30 min. Finally, the catalyst with Pt nanoparticles deposited on the surface of glass fibers was obtained. The schematic of the platinum catalyst preparation process is shown in Figure 9.



The surface morphology of the Pt catalyst was observed before and after the heat treatment by carrying out FE-SEM measurements (Tokyo, Japan) to confirm the grafting of Pt particles. For comparison, the FE-SEM analysis of the glass fibers without the MPTS film was also carried out. In order to measure the weight of the Pt nanoparticles grafted onto the glass fiber surface, the catalyst was added to a hydrofluoric acid aqueous solution (which was handled with the utmost care) [12]. The glass fibers dissolved into this solution and the Pt nanoparticles could be recovered by filtering. The recovered Pt nanoparticles were weighed, and the loading ratio was calculated by measuring the mass of the remaining Pt particles.




3.2. Catalyst Performance Evaluation


In order to compare the catalyst loading ratio, a commercially available catalyst (Suzuki Corporation, Exhaust Manifold: Precious metal component: Pd) (Nagano, Japan) was dissolved in hydrofluoric acid, concentrated nitric acid, and an aqueous hydrogen peroxide solution. This metal catalyst was then filtered and weighed to calculate its metal loading ratio. Then, tubing was piped so that the gas flowed from the air inlet to the flask, catalyst section, trap pipe, and draft, as shown in Figure 10. In the catalyst section, the Pt catalyst with a measured mass was packed in a U-shaped pipe, which was placed in a mantle heater. The temperature of the mantle heater was controlled using a voltage regulator and thermostat. Furthermore, octane (C8H18) (Osaka, Japan) was introduced into the flask beforehand, molecular sieves were placed in the trap tube and weighed, and dry air (humidity approximately 0.2%) was injected at a flow rate of 0.8 L/min for 90 min from the air inlet. After 90 min, the flow of dry air was interrupted, and the mass of the trap tube containing the octane-containing flask and the molecular sieve weight were measured using an electronic balance. These tests were carried out at 50, 100, 200, 300, and 400 °C. The same experiments were carried out for the commercially available catalyst, the Pd catalyst from Suzuki. Furthermore, the TG–DSC curve of the Pt catalyst was obtained before carrying out the heat treatment to determine the difference between the weight of the catalyst in the presence and absence of the chemically adsorbed monomolecular film. The XRD measurements (Kyoto, Japan) of the catalyst were conducted before and after the heat treatment to confirm the change in the state of Pt.





4. Conclusions


Herein, we proposed a novel method for developing highly efficient Pt catalysts using a reactive chemically adsorbed monomolecular film, Pt nanoparticle dispersion, and glass fiber substrate. The Pt catalyst investigated in this study was prepared by depositing a reactive chemically adsorbed monomolecular film with a thiol group at the molecular terminal on the surface of a hydrophilized glass fiber. The monomolecular film enabled the uniform and dense grafting of Pt nanoparticles on the surface of the glass fiber as a single layer. In addition, the Pt loading ratio of the catalyst was approximately 12.7 wt%. This indicates that the chemically adsorbed monomolecular film on the Pt catalyst could support more platinum than the commercially available catalyst. The catalytic performances of the Pt and commercially available catalysts were evaluated on the basis of their octane combustion rates. Both the catalysts exhibited catalytic performance at temperatures ≥ 200 °C. At 300 °C, the octane combustion rates of the catalysts were 80% or more. Moreover, at 50–400 °C, the octane combustion rates of both the catalysts were approximately the same. Hence, no difference was observed in the catalytic performance of the catalysts. Furthermore, Pt catalysts have been found to exhibit catalytic performance comparable to that of Pd catalysts under lean conditions [6]. In addition, Pt is cheaper than Pd [13]. In this study, we successfully prepared a highly efficient Pt catalyst with superior catalytic performance and lower Pt loading than the commercially available catalyst. The catalyst prepared in this study is a potential candidate for application in car exhaust purification devices as it can reduce the weight, size, and cost of these devices. However, in this study, we evaluated the catalyst performance only on the basis of octane combustion. Hence, further evaluation under a gas atmosphere is also necessary.
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Figure 1. FE-SEM images of the Pt catalyst on the glass fiber substrate: (a) before curing, (b) after curing, and (c) on the glass fiber substrate without the 3-mercaptopropyltrimethoxysilane (MPTS) monolayer after the Pt nanoparticle treatment. 
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Figure 2. Thermogravimetry–differential scanning calorimetry (TG–DSC) curves of the Pt catalyst. 
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Figure 3. XRD patterns of the Pt catalyst before and after the heat treatment. 
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Figure 4. Amount of water produced by the combustion of octane as a function of the catalyst temperature. 
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Figure 5. Combustion rate of octane for the catalysts as a function of the catalyst temperature. 
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Figure 6. Chemical structure of MPTS. 
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Figure 7. Fourier-transform infrared-reflection absorption spectroscopy (FTIR-RAS) profile of the MPTS monolayer adsorbed on the glass plate. 
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Figure 8. Particle-size distribution of the Pt nanoparticles. 
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Figure 9. Schematic of the Pt catalyst preparation process. 
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Figure 10. Schematic of the device used for evaluating the catalyst performance. 
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Table 1. Precious metal loading rates (precious metal particle weight/catalyst weight × 100) of the catalysts.
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	-
	Catalyst Weight (g)
	Precious Metal Particle Weight (g)
	Loading Rate (wt%)





	Pt catalyst
	0.047
	0.0060
	12.7



	Commercial catalyst sample
	0.9722
	0.0165
	1.7
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Table 2. Precious metal nanoparticle utilization efficiency of the catalysts.
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Heating Temperature

	
Combustion Rate of Octane per g of Catalyst (%)

	
Octane Combustion Rate per g of Precious Metal Particles (%)




	
-

	
Commercial Catalyst

	
Pt Catalyst

	
Commercial Catalyst

	
Pt Catalyst






	
50

	
2.2

	
56.2

	
97.8

	
466.3




	
100

	
5.1

	
49.9

	
232.4

	
414.2




	
200

	
18.3

	
195.3

	
825.5

	
1620.3




	
300

	
40.9

	
460.7

	
1848.5

	
3822.5




	
400

	
43.5

	
536.4

	
1964.7

	
4450.6
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Table 3. Conditions for preparing the adsorption solution.
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	-
	Chemicals
	Concentration
	Amount





	Solvent
	Aqua solvent G-21 (Aqua Chemical Co., Ltd., Chuo-ku, Japan)
	Undiluted
	50 mL



	Adsorbent
	3-mercaptopropyltrimethoxysilane (MPTS) (dehydrated chloroform dilution)
	0.1 M
	76.5 μL



	Catalyst
	Tetra chlorosilane (TCS) (dehydrated chloroform dilution)
	0.01 M
	2.5 mL











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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