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Abstract

:

TiO2 photocatalysts can provide carbon-capture utilization and storage by converting atmospheric CO2 to green hydrogen, but the efficiency of the current photocatalysts is still too low for economical usage. Anatase TiO2 is effective in transferring the electrons and holes produced by the photoelectric effect to reactants because of its oxygen-terminated surfaces. However, the anatase TiO2 bandgap is 3.2 eV, which requires photons with wavelengths of 375 nm or less to produce electron–hole pairs. Therefore, TiO2 is limited to using a small part of the solar spectrum. Strain engineering has been used to design ZrO2@TiO2 core@shell structures with large strains in the TiO2 shell, which reduces its bandgap but maintains octahedral facets for charge separation and oxygen-terminated surfaces for the catalysis of reactants. Finite element analysis shows that shell thicknesses of 4–12 nm are effective at obtaining large strains in a large portion of the shell, with the largest strains occurring next to the ZrO2 surface. The c-axis strains for 4–12 nm shells are up to 7%. The strains reduce the bandgap in anatase TiO2 up to 0.35 eV, which allows for the use of sunlight with wavelengths up to 421 nm. For the AM 1.5 standard spectrum, electron–hole pair creation in 4 nm thick and 10 nm thick TiO2 shells can be increased by a predicted 25% and 23%, respectively. The 10 nm thick shells provide a much larger volume of TiO2 and use proportionally less ZrO2. In addition, surface-plasmon resonators could be added to further extend the usable spectrum and increase the production of electron–hole pairs many-fold.
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1. Introduction


Renewable energy sources are increasingly being used for electricity generation, and electric passenger vehicles are increasing their market share. However, other sectors, such as agriculture and home heating, are more difficult to decarbonize, and worldwide CO2 emissions continue to rise. To meet net zero goals, other methods of decarbonization are needed. Two promising solutions are carbon capture, utilization, and storage; and green hydrogen, hydrogen produced with zero greenhouse gas emissions.



TiO2 photocatalysts have many properties that are useful for carbon-capture utilization and storage by converting atmospheric CO2 into useful chemicals such as formic acid or formaldehyde, which can be further converted to green hydrogen [1,2,3,4,5,6]. Anatase TiO2 is effective at transferring the electrons and holes produced by the photoelectric effect to reactants because of its oxygen-terminated surfaces. In addition, facetted TiO2 nanoparticles separate photoelectrons and holes to different facet surfaces [7], which prevents them from recombining for long enough to transfer the charges to the reactants. The oxygen-terminated surfaces are good for attracting and holding CO, CO2, H2O, and positively charged ions. The (001) facets of the decagon are terminated with both oxygen and titanium atoms, which are good for attracting negatively charged ions. Metal nanoparticles can be added as surface-plasmon resonators on the (101) facets in the same manner as for homogenous nanoparticles [8,9,10]. The large multiplying effect of both facets and surface-plasmon resonators indicates that a scarcity of excitons is limiting the photocatalytic reactions. The conversion of CO2 to formaldehyde or formic acid is endothermic, so energy must be supplied by electron–hole pairs in an excited state to drive the CO2 reduction reactions. The use of TiO2 for hydrogen production extends back over 40 years [1]. However, the bandgap of anatase TiO2 is 3.2 eV, which requires photons with wavelengths of 375 nm or less to produce electron–hole pairs. Therefore, bulk TiO2 is limited to using a small part of the solar spectrum with wavelengths less than 375 nm. The energy required to convert CO2 to formic acid and to generate green hydrogen is less than 1 eV, so photons with wavelengths of up to 1200 nm could be used, which covers the entire UV-Vis spectrum.



TiO2 shells have previously been used with noble metal nanoparticle cores [3,4,5], which have incoherent interfaces and therefore low strain in the shell. Strain engineering has often been used with TiO2 films [6], which has been shown to lead to enhanced electron–hole production and photocatalytic activity [11,12]. However, strain engineering of TiO2 shell nanoparticles has not yet been reported. A suitable core material would need to have the same crystal structure and provide a large lattice mismatch with TiO2. A metal oxide core would provide the added benefit of strong covalent bonding with the TiO2 shell. Tetragonal-ZrO2, which has a 5% lattice mismatch with TiO2 [13,14,15], is selected as the core material for this study.



Photocatalyst research was advanced greatly by the discovery of charge separation on nanostructured facets [7] and the multiplying effect on photogeneration of electrons and holes using localized surface plasmon resonance (LSPR) [8,9]. These effects have recently been combined using PtRu alloy nanoparticle resonators to achieve a 29-fold increase in reduction compared to a standard commercial TiO2 catalyst [10]. Facets occur for nanoparticles with diameters < 2 μm because surface energy becomes more significant relative to binding energy when the size of the nanoparticle is small and a larger percentage of atoms are present on the surface [7].




2. Materials and Methods


Core@shell nanoparticles composed of tetragonal ZrO2 nanoparticle cores with an anatase TiO2 shell result in large strains in the TiO2 shell, which reduces its bandgap but maintains octahedral facets for charge separation and oxygen-terminated surfaces for catalysis of reactants. ZrO2 was chosen as the core material because of the 5% lattice mismatch and coherent tetragonal structure with anatase TiO2 [13,14,15]. Finite element analysis was conducted on ZrO2@TiO2 core@shell decahedral structures with octahedral facets to determine the strains in the crystallographic directions. The octahedral facets are normal to [101] directions in the tetragonal ZrO2 cores, as shown in Figure 1, and the crystallographic c-axis is aligned normal to the two (001) surfaces. The TiO2 shells are aligned in the same crystallographic directions to match the cores. The larger the core size relative to the shell thickness, the higher the average strains in the shell but the lower the volume fraction of TiO2. The tetragonal ZrO2 nanoparticle can be synthesized with diameters or 9–12 nm [16]. Therefore, to investigate a range of sizes, ZrO2 cores of 10 and 12 nm were used with TiO2 shell thicknesses of 4–12 nm in the FEA models. Anisotropic material constants were used for ZrO2 and TiO2, as listed in Table 1.



From the strains in the TiO2 shell, the shift in the bandgap was predicted using deformation potential theory [15]. First the c-axis strains were determined using FEA, and the TO2 shell was divided into four strain regions: 0.5–1.25%, 1.25–3%, 3–5%, and >5%. Strains less than 0.5% were neglected to avoid skewing the bandgap calculations toward the low strain regions, which have a less significant effect on the overall performance enhancement. The volume of each of the four strain regions in the shell was also determined from the FEA results. The volume fraction (fi) for each of the strain regions was determined by dividing the volume of each strain region (Vi) by the volume of the entire shell (Vs): fi = Vi/Vs. Then, the average bandgap shift in each strain region (ΔEgi) was determined from the average c-axis strain in each region using deformation potential theory [15].



The bandgap for ZrO2 is 5 eV, so electron–hole production from the core is assumed to be zero under standard solar illumination because wavelengths below 280 nm are completely absorbed by the atmosphere. The bandgap for anatase TiO2 without strain is 3.2 eV, so photons with a wavelength of 375 nm or less can produce electron–hole pairs by the photo-electric effect. Under strain, the bandgap shifts by ΔEgi, and a broader range of the solar spectrum, can be used to generate electron–hole pairs. The enhancement of the electron–hole pair production in each strain region was then determined from the photon energy (Pi) available from the increased usable solar spectrum up to the maximum wavelength determined from the reduced bandgap using Plank’s law. The standard AM 1.5 solar spectrum was used to determine the total increased energy available from the larger portion of the solar spectrum in each strain region determined from FEA. The increase in electron–hole pair production was then determined from the increased available photon energy in each strain region as


   I i  =    P i  −  P 0     P 0     











The total increase in electron–hole pair production was then estimated by summing the increased electron–hole pair production in each strain region using the volume fractions determined above:


  I =   ∑      f i   I i   











The nanoparticle sizes and shapes were chosen to optimize the photocatalytic activity, and ZrO2 cores and TiO2 shells can both be synthesized in decahedral shapes with octahedral facets [16,17,18,19]. The controlled synthesis of tetragonal ZrO2 nanoparticles has been able to produce controlled nanoparticle sizes in the range of 8–12 nm [16]. The controlled synthesis of 12.6 nm thick anatase TiO2 shells has also been achieved [20]. Decahedrons can theoretically fit together with 100% space filling capacity, although the actual space filling would depend on the size variation. The final combined increase in photocatalytic activity for each core@shell nanoparticle was determined by multiplying the increase for the TiO2 shell by the volume percentage of the shell for each core size and the shell thickness studied.




3. Results


3.1. Strain in Core@shell Nanparticles


Finite element analysis was conducted to determine the strains in the TiO2 shells. A 5% lattice mismatch [13,14,15] was used to model the difference in lattice spacing between the tetragonal ZrO2 cores and TiO2 shells. The c-axis strains (z-axis strains in the FEA models) for core@shell nanoparticles with 10 nm cores and a shell thickness of 4 and 10 nm are shown in Figure 2. The ZrO2 core can be identified by its relatively uniform rectangular mesh in this cross-section, while the TiO2 shell has an irregular mesh with high mesh refinement near the interface and the surface. Automated mesh refinement was used to provide a more refined mesh near the locations with higher strain gradients. The c-axis strains change sharply at the core/shell interface with large tensile strains in the shell.



The c-axis strains for nanoparticles with 12 nm cores and 10–12 nm shells are shown in Figure 3. The c-axis strains are used for further analysis because the c-axis tensile strains lead to a decrease in the electronic bandgap [15]. The finite element models used 2.5–2.7 million nodes, and the strain results have converged within 2% for all cases. The maximum c-axis strains (up to 7%) in the TiO2 shell occur for the case with a 10 nm core and a 4 nm TO2 shell. The relatively thin shell results with slightly more of the mismatch strain in the shell than the other cases. However, since the core is under compressive stress in all three directions, the deformation of the core is relatively small for all cases. The shell, on the other hand, has a stress-free outer surface, which allows contraction normal to the surface to accommodate tensile strains parallel to the surface. Even for the relatively thick 12 nm shell and 10 nm core case, the maximum c-axis strains in the shell exceed 6.6%.



Note that the large strains described above are achieved for complete shells. If the shell is incomplete, the strains in the shell will be reduced. For the case of a 12 nm ZrO2 core and a 10 nm shell over only half the core, the maximum c-axis strain in the shell is only 3.7% compared to 6.8% for a complete shell.




3.2. Electron–Hole Pair Production


Figure 4 shows the relation between strains and bandgap in anatase TiO2. In the figure, epitaxial strain refers to biaxial strains in the plane normal to the c-axis, and the c-axis strains refer to the uniaxial strains in the c-axis [001] direction. The bandgap shifts in terms of strain were calculated from previous ab initio results for bandgap shift as a function of stresses [15]. Therefore, the c-axis strains, which were up to 7% as shown in Figure 2–3, are expected to reduce the bandgap in anatase TiO2 by up to 0.35 eV. The reduced bandgap allows for the use of sunlight with longer wavelengths up to a maximum of 421 nm. The average increase in electro-hole pair production for each case is found by determining the increase in each strain region based on the predicted bandgap shift, summing the regions and taking the average over the entire shell. The results for the seven cases studied are shown in Table 2. For the AM 1.5 standard spectrum, the electron–hole pair creation in 4 nm, 7 nm, and 10 nm thick TiO2 shells with 10 nm octahedral ZrO2 cores can be increased by a predicted 25%, 24%, and 22%, respectively, based on the results from FEA combined with the increased bandgap shown in Figure 4 and the corresponding increase in the solar spectrum usage. For 12 nm octahedral ZrO2 cores with 7 nm, 10 nm, and 12 nm shells, the predicted increases in electron–hole pair production in the shell are 25%, 23%, and 22%, respectively. However, since the highest strains are near the core/shell interface, the electron–hole pairs produced for shells 12 nm and thicker may not be as efficient in catalyzing reactions with CO2 or other molecules near the outer shell surface. A similar trend is seen with both core sizes. Higher strains in the thinner shell lead to higher electron–hole production in the shell, but thicker shells have a greater volume fraction of TiO2.



In core@shell nanoparticles, a complete continuous shell is not always achieved. To investigate the effect of an incomplete shell, a model was constructed consisting of a 12 nm decahedral ZrO2 core, half of which is covered by a TiO2 shell and half of which is left bare. For the case with an incomplete shell covering half the core, lower strains in the shell result, and the increase in electron–hole pair production in the shell is only 10% compared to 23% for the complete shell of the same thickness.




3.3. Core@shell Optmization


The thicker shells provide a larger volume of TiO2 and use proportionally less ZrO2. The 4 nm shell has the greatest increase in electron–hole pair production (25%) of the cases studied, but the shell is only 83% by volume. Therefore, the overall increase in photocatalytic activity for the nanoparticle is only 21% compared to a homogenous TiO2 nanoparticle. The results for other cases are shown in Table 2. Similar results are found for the same ratio of the shell thickness to the core diameter. Therefore, the optimal shell thickness is 70–83% of the core diameter, which results in a 22% increase in the predicted overall electron–hole production for the core@shell nanoparticle.





4. Discussion


Considering that the size variation would occur in practice, note that the other cases with complete shells are all expected to have an overall increase in electron–hole pair production under AM 1.5 solar illumination of 21–22%. Previous experiments with TiO2 thin films have shown a direct correlation between strain, electron–hole pair production, and photocatalytic activity [11,12]. These results indicate that ZrO2@TiO2 nanoparticles with 10–12 nm cores and 4–12 nm thick shells could provide an overall increase in photocatalytic activity of 20–22% provided a complete shell is formed. Various hydrothermal, solvothermal, and sol gel synthesis methods have been reported in the literature that could be applied to this nanoparticle system, e.g., [16,17,18,19,20]. ZrO2 nanoparticles of the optimal core size and structure have been reported [16]. The synthesis of the ZrO2 cores using that sol-gel method would be the first step. Then, the 9–12 nm t-ZrO2 nanoparticles would be used, coated with TiO2 shells. Ye et al. [20] grew TiO2 shells by using tetrabutyl titanate as the precursor and hydroxypropyl cellulose as the surfactant and calcinated at 500 C. Most of the TiO2 synthesis methods result in shells somewhat larger than the ideal size, although photocatalytic TiO2 shells with a controlled thickness of 12.6 nm have been successfully obtained [20]. Further research is needed in developing anatase TiO2 shells with near ideal thicknesses in the range of 10–12 nm, but Ye et al. [20] showed that the thickness can be controlled by adjusting the amount of tetrabutyl titanate in the coating process.



Initially, core@shell nanoparticles were developed for photonic applications, e.g., [21], and led to highly efficient LEDs, which have recently been reviewed [22]. Many other applications have recently been reviewed [23], including biomedical applications [24] and as fluorescent probes [25]. There have been relatively few core@shell photocatalysts studies. TiO2 shells have been used with noble metal cores to study the benefits of plasmon resonance [3,4,5]. Ye at al. observed a 10% increase in RhB degradation in Fe3O4/SiO2/TiO2 core/shell/shell catalysts with 12.6 nm TiO2 shells, compared to P25 [20]. The photocatalytic activity increased as the shell thickness decreased from 14.7 to 12.6 nm, which agrees with our predictions for 10–12 nm shells. However, their system had large Fe3O4 cores (222 nm) and relatively small volumes of TiO2.



Multi-field driven hybrid catalysts have recently been reviewed by Xu at al. [26]. The ZrO2@TiO2 nanoparticles can be used at high temperatures, so thermal-photocatalysis using a portion of the solar spectrum > 421 nm to provide the thermal energy is also a promising method. Other materials could also be used in core@shell nanoparticle photocatalysts provided the core and shell form coherent interfaces. The increase in electron–hole pair production would depend primarily on the lattice mismatch and the deformation potential of the shell and secondarily on the elastic constants of the two materials.



Yin et al. [15] predicted a greater bandgap shift for TiO2 films under epitaxial or compressive stresses. However, films do not have the added charge separation that occurs in facetted nanoparticles [7,27];therefore, they have lower overall photocatalytic activity despite the greater bandgap shift.



The TiO2 shells retain all of the aspects that make TiO2 nanoparticles good photocatalysts, including (101) octahedral facets with oxygen-terminated surfaces, (001) facets terminated with both oxygen and titanium atoms, and porous outer surfaces. A synergistic effect between improvements in photocatalytic activity and the LSPR has been found in previous studies [10] and could be explored with these nanoparticle photocatalysts.




5. Conclusions


Strain engineering was applied to core@shell nanoparticles, and strains up to 7% were achieved in the TiO2 shell. The electron–hole pair creation can be increased up to 25% in the TiO2 shells, which retain their beneficial aspects, including facets for charge separation and a porous outer surface for increased surface area. The resulting overall electron–hole pair production in ZrO2@TiO2 nanoparticles can be increased up to a predicted 22% compared to homogenous TiO2 nanoparticles. The optimal size is found to be a 12 nm ZrO2 core with a 10 nm thick TiO2 shell.
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Figure 1. ZrO2@TiO2 core@shell decahedral nanoparticle model with eight (101) octahedral facets and two (001) facets. The crystallographic c-axes for both core and shell are normal to the (001) facets. 
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Figure 2. Finite element analysis results of c-axis strains in the midplane normal to the (001) direction of decahedral ZrO2@TiO2 nanoparticles with a 10 nm ZrO2 core and (a) a 4 nm TiO2 shell; (b) a 10 nm TiO2 shell. 






Figure 2. Finite element analysis results of c-axis strains in the midplane normal to the (001) direction of decahedral ZrO2@TiO2 nanoparticles with a 10 nm ZrO2 core and (a) a 4 nm TiO2 shell; (b) a 10 nm TiO2 shell.
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Figure 3. Finite element analysis results of c-axis strains in the midplane normal to the (001) direction of decahedral ZrO2@TiO2 nanoparticles with a 12 nm ZrO2 core and (a) a 10 nm TiO2 shell; (b) a 12 nm TiO2 shell. 






Figure 3. Finite element analysis results of c-axis strains in the midplane normal to the (001) direction of decahedral ZrO2@TiO2 nanoparticles with a 12 nm ZrO2 core and (a) a 10 nm TiO2 shell; (b) a 12 nm TiO2 shell.
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Figure 4. Bandgap shift in anatase TiO2 under application of c-axis (solid line) or epitaxial strain in the plane normal to the c-axis (dash line). 
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Table 1. Anisotropic elastic constants used for anatase TiO2 and tetragonal ZrO2.
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	Material
	C11 (GPa)
	C12 (GPa)
	C13 (GPa)
	C33 (GPa)
	C44 (GPa)
	C66 (GPa)





	a-TiO2
	320 1
	151 1
	143 1
	190 1
	54 1
	60 1



	t-ZrO2
	327 2
	100 2
	62 2
	264 2
	59 2
	64 2







1 Iuga et al., 2007 [13]. 2 Kisi and Howard, 1998 [14].
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Table 2. Predicted increase in electron–hole pair production; volume fraction of TiO2; and increase in photocatalytic activity for strain engineered ZrO2@TiO2 nanoparticles.






Table 2. Predicted increase in electron–hole pair production; volume fraction of TiO2; and increase in photocatalytic activity for strain engineered ZrO2@TiO2 nanoparticles.





	Core Diameter (nm)
	Shell Thickness (nm)
	Average Increase in Shell Electron–Hole Pair Production
	TiO2 Volume Fraction
	Overall Increase in Electron–Hole Pair Production





	10
	4
	25%
	83%
	21%



	10
	7
	24%
	93%
	22%



	10
	10
	22%
	96%
	21%



	12
	5
	25%
	84%
	21%



	12
	10
	23%
	95%
	22%



	12
	12
	22%
	96%
	21%



	12
	10 (half) 1
	10%
	90%
	9%







1 The shell designated as (half) is for a partial shell covering half the core.
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