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Abstract:



Recently, it has been reported that the morphology of Au nanoparticles (NPs) affects the catalytic activity of CO oxidation; twin crystal NPs show higher activity for CO oxidation than single-crystal NPs. In this study, density functional calculations have been carried out to investigate the morphology effect of Au NPs using CO as a probe molecule. In the case of Au NPs with a size of more than 2 nm, CO adsorption energy on the Au NPs is mainly determined by a coordination number (CN) of adsorption sites. CO binding to a multiple twin NP with a size of about 1 nm is stronger than that on a single-crystal NP with the same size. A simple CN explanation cannot be applied to the enhancement of CO binding to the small multiple twin NP. This enhancement is related to a deformation of the NP structure before and after CO adsorption. It is suggested that the multiple twin NP with a size of less than 1 nm, which shows the deformation upon CO adsorption, contributes to the higher activity for CO oxidation.
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1. Introduction


It is well known that gold nanoparticles (NPs) show high catalytic activity for CO oxidation at low temperature [1,2,3]. The catalytic activity is affected by the size of Au NPs and abruptly increases as its size decreases to less than 3 nm. The size effect is sometimes explained by the reactivity in terms of special reaction sites at the metal–support interface [2,4]. There is another explanation for the size effect [5,6,7]. The percentage of highly-uncoordinated gold atoms on the Au NP surface yields observed differences in the reactivity of Au NPs. Other than the size, the morphology of Au NPs also influences their catalysis [8,9,10,11,12,13,14,15,16]. The ratio of different surface facets depends not only on the size of the nanoparticles, but also their morphology [17]. The morphology, which determines the number of coordination sites available, such as corners and edges, is also important for the catalytic activity. For example, the activity of the water-gas shift (WGS) reaction over Au/CeO2 drastically decreased with the loss of the 2D-layer morphology of Au [12]. Choudhary et al. suggested that quantum size effects, as a result of bilayered Au morphology, were important [8]. However, there is controversy regarding the explanation of the activity based on the thickness of the Au morphology. Lemire et al. [6] studied CO adsorption on gold monolayer islands and found that the adsorption property was no different from that on bulk gold. They suggested that the exceptional activity of gold nanoparticles for the low-temperature CO oxidation arose from the presence of highly-uncoordinated atoms. Twinning of Au NPs shows higher activity for the CO oxidation reaction than single crystal Au NPs [9,14,15]. The morphology effect by twinning was shown to be independent of the size effect. Even though Au NPs with the same particle distribution were synthesized, twin NPs were more active for CO oxidation than single-crystal NPs [14]. Determining the reason why twin NPs are more active will give us a deeper understanding for the design of Au NP catalyst.



In this study, density functional calculations have been carried out to investigate the morphology effect of Au NPs using CO as a probe molecule. This is because CO adsorption has been reported to have a strong correlation with the catalytic activity for CO oxidation [18,19,20]. The morphology effect of NPs ranging from 1 to 3 nm in size is examined. The morphology effect for NPs ranging from 2 to 3 nm in size can be explained by the coordination number of adsorption sites. For five-fold twin NPs with a size of 1 nm, the stability of NPs upon CO adsorption affects CO adsorption energy on the NP. Thus, the stability of NPs upon CO adsorption is also significant for the morphology effect.




2. Computational Details


Spin-polarized density-functional theory (DFT) calculations were performed using the plane wave self consistent field (PWscf) code in Quantum Espresso [21]. We employed the Perdew–Burke–Ernzerhof (PBE) exchange correlation functional [22,23] and Vanderbilt ultra-pseudopotentials [24]. The system wave function was represented by a basis set of plane waves limited by an energy cutoff of 30 Ry, while the cutoff for the electron density representation was set to 300 Ry (1 Ryd ≈ 13.6 eV). All geometry optimizations were performed until the maximum force on atoms was less than 10−3 au. A cubic unit cell of 34 × 34 × 34 Å was used for large NPs and a unit of 21 × 21 × 21 Å was used for the smallest NPs and an isolated CO molecule. The sizes of the unit cells were sufficient to electronically isolate periodic images of the nanoparticles. A gamma k-point sampling of the Brillouin zone was chosen. Adequate spin states of nanoparticles were assigned using total magnetization parameters. The Fermi-Dirac smearing procedure [25] with a smearing parameter of 0.0007 Ry was applied. This smearing width is sufficiently small to gurantee a correct description of the spin states [26]. CO adsorption energy (Ead) on NPs was calculated using the following equation:


Ead = E(CO-NP) − E(NP) − E(CO)



(1)







Here, E(CO-NP) is the total energy of the Au NP interacting with CO, E(NP) is the total energy of the Au NP without CO, and E(CO) is the energy of the isolated CO molecule. Thus, a negative value of Ead means an exothermic adsorption.



The point group symmetry determined by the morphology of the NP affects the electronic states in the whole system. In the case of small Au clusters, the spin states do not always have the lowest spin because the high symmetry of Au clusters has a possibility of exhibiting degenerate states at the higest occupied molecular orbital level [26]. For example, a small Ag cluster with a symmetry of Ih has high spin states [27]. Symmetry change by the morphology is also important for the interpretation of observed spectra [28]. We calculated several spin states for Au55 NPs with a high symmetry of Oh. For the sake of comparison, the same spin states were calculated at the M06L/Def2-TZVPP(SDD)//M06L/Def2-SVP(SDD) level using the ORCA code [29]. Table 1 shows the results. The ground state of Au55 NP has the spin state of Sz = 0 and the energy difference to the first excited state is large. The lowest spin state is also expected for the large size of NPs with a lower symmetry than Oh. All spin states of Au NPs in this study were assumed to have the lowest spin. That is to say, the z component of the spin, Sz, was equal to 0 for even numbers of atoms and 1/2 for odd numbers of atoms.



Table 1. Energy in eV of Au55 (Oh) relative to that of the spin state of Sz = 0.







	
Sz

	
PBE/Plane Wave

	
M06L/Def2-TZVPP(SDD) *






	
1/2

	
-

	
-




	
3/2

	
0.26

	
0.25




	
5/2

	
1.00

	
0.99








* Geometry optimizations were carried out at the M06L/Def2-SVP(SDD) level.









3. Results


3.1. Model Nanoparticles


Figure 1 shows examples of the morphology of NPs adopted in this study. A truncated cuboctahedron structure is used for a single-crystal nanoparticle. This structure has a symmetry of Oh. Hereafter, we call the single-crystal NP as “Oh-NP”. In the Oh-NP structure, (111) faces are always located next to (100) faces. For twin NPs, two types of structures are adopted; one is a single twin structure, which has a single grain boundary, and the other is a multiple twin type, which has five-fold twinning. Both types of twin NPs were experimentally observed [13,14]. The single-twin NP has the symmetry of D3h (hereafter, referred to as “D3h-NP”). In the D3h-NP structure, the single twinning results in the grain boundary at which the (111) and (100) faces are next to the (111) and (100) faces, respectively. The five-fold twin NP is a decahedron and has the symmetry of D5h (hereafter, referred to as “D5h-NP”). The D5h-NP is composed of five distorted tetrahedral units, which are joined at a common edge and each of which shares two of their (111) faces as twinning planes.


Figure 1. Morphology of model Au nanoparticles (NPs). (a) A single-crystal structure with the symmetry of Oh (Oh-NP). The (100) faces depicted by a rectangle are always next to the (111) faces depicted by a triangle; (b) a single twin structure with the symmetry of D3h (D3h-NP) which has a grain boundary (GB). At the grain boundary, the (100) and (111) faces are always next to the (100) and (111) faces, respectively; (c) side view and (d) top view of the multiple twin structure with the symmetry of D5h (D5h-NP). This structure exhibits five-fold twinning which share the neighboring (111) faces.
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To investigate the size dependency of CO adsorption, several sizes of NPs were created, as shown in Figure 2. The smallest size of NP is Au55 for the Oh-NP and D3h-NP. The size of NP is increased by adding atoms all around the particle. We categorized three generations of different sizes of NP for both structures. As shown in Figure 2a,b, the first generation is Au55 NPs which have a diameter of about 1 nm. The second generation and the third generation are Au147 with a diameter of about 2 nm and Au309 with a diameter of about 3 nm, respectively. In the case of the D5h-NP, the size is increased by alternately adding atoms to the upper side and lower side of the particle. As a result, the spin states change with the increase in NP size because the number of atoms varies to be even and odd, alternatively. To hold the same symmetry and spin state, five atoms at corners (white atoms marked by black circles in Figure 1c,d) are used for adjuster atoms. For example, the removal of the five atoms from Au54 with the spin state of Sz = 0 leads to the D5h-NP of Au49 which has the spin state of Sz = 1/2 with the same D5h symmetry. Although the removal of these atoms elongates a bond length between an atom at a vertex adsorption site and the neighboring atoms by 0.04 Å (2.79 Å to 2.82 Å), the shape around the adsorption sites remains the same. For the D5h-NP of Sz = 1/2, Au49 is the first generation, with a diameter of about 1 nm. Au105 and Au181 are the second generation, which have a diameter of about 2 nm. Au287 is the third generation, with a diameter of about 3 nm. In the case of the spin state of Sz = 0, the five corner atoms (white atoms in Figure 1c,d) in the second and third generations of NPs are removed to make the number of atoms even.


Figure 2. Size of model Au NPs. (a) Single-crystal Oh-NPs; (b) simple twin D3h-NPs; (c) multiple twin D5h-NPs with the spin state of Sz = 1/2; and (d) multiple twin D5h-NPs with the spin state of Sz = 0. Three generations are categorized for these NPs. The first generation includes NPs of less than 100 atoms and their diameters are about 1 nm. The second generation includes NPs composed of 100 to 200 atoms and their diameters are about 2 nm. The third generation includes NPs of around 300 atoms, and their diameters are about 3 nm.



[image: Catalysts 07 00191 g002]






Figure 3 shows the adsorption sites on Au NPs; vertex sites in Figure 3a, edge sites in Figure 3b, and face sites in Figure 3c. For the single-twin NP, the vertex site at the grain boundary was examined. Two types of face sites are shown for the Oh-NP, which has (100) and (111) faces. There is a possibility of a bridge and three-fold-type adsorption on these faces. In our calculation, bridge-type adsorption on the (111) face yielded more stable adsorption than on-top adsorption. When interaction between co-adsorbed molecules can be neglected, multiple bonds between a molecule and surface atoms give rise to more stable adsorption than a single bond. Thus, the bridge-type adsorption for a single molecule, in general, yields a more stable adsorption than the on-top adsorption. Since the objective of this study is to compare the CO adsorption by varying the size and the morphology of NPs, adsorption sites are limited to the on-top adsorption.


Figure 3. CO adsorption sites of NPs. All adsorption sites are the on-top type. (a) Vertex sites of the Oh-NP, D3h-NP, and D5h-NP. On the D3h-NP, the vertex site is located at the grain boundary (GB); (b) edge sites of the Oh-NP and D5h-NP; and (c) face sites of the Oh-NP and D5h-NP. The Oh-NP has both the (111) face (left) and the (100) face (middle). The D5h-NP has only the (111) face. Yellow, cyan, and red spheres represent Au, C, and O atoms, respectively.
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3.2. Size Dependency of CO Adsoprtion


Figure 4 shows the plot of the CO adsorption energy on the vertex sites as a function of the number of Au atoms. For the Oh-NP and D3h-NP, CO adsorption strength gradually decreases as the increase of the number of Au atoms. The differences in energy between the size of about 1 nm and 3 nm are 0.04 eV for the Oh-NP and 0.03 eV for the D3h-NP. Thus, the adsorption energy is mainly determined by the local environment of the adsorption sites, such as the coordination number (CN). The CN of the adsorption sites is a good descriptor for the CO binding to Au NPs [7,19]. Since the CN of the vertex sites of the Oh-NP and D3h-NPs is equal to five, CO adsorption energies of the Oh-NP differ slightly from those of the single-twin NP in all sizes. For the second and the third generations, the D5h-NPs show weaker binding than the Oh-NPs. This is also explained by the coordination number. The CN for the D5h-NP is six, whereas that for the Oh-NP is five. Therefore, the more unsaturated site of the Oh-NP results in the more stable adsorption of CO. The exception occurs in the case of the first generation of the D5h-NP.


Figure 4. CO adsorption energy on the vertex sites plotted with respect to the number of atoms of NPs. Aqua diamonds, green squares, blue triangles, and red circles represent the CO adsorption energies on the D5h-NPs with spin states of Sz = 1/2, the D5h-NPs with spin states of Sz = 0, the D3h-NPs and the Oh-NPs, respectively.



[image: Catalysts 07 00191 g004]






The size dependence of the CO adsorption energy for the D5h-NPs is reverse to that of the Oh-NP. Furthermore, the energy abruptly decreases from the second to the first generation and the CO adsorption on the D5h-NP becomes more stable than that of the Oh-NP. This stabilization cannot be explained by the simple CN consideration. This is not due to the strain effect because the local structure around the adsorption sites is not affected by the morphology or the size. The average bond distance between a site atom and the neighboring atoms is 2.82 Å for the D5h-Au54, 2.83 Å for the D5h-Au282, and 2.84 Å for the Oh-Au309. The small difference between these values indicates no strain effect. Next, we focused on the deformation of NPs before and after CO adsorption, since CO adsorption leads to the structural change of the NP itself. Root-mean-square distances (RMSD) between atom positions of NPs were used as a quantitative index for the structural change. At first, the local deformation around the adsorption sites was examined. The average RMSD of the site and neighboring atoms for the D5h-NP (Au54, Sz = 0) and Oh-NP (Au55) were 6.9 pm and 6.8 pm, respectively. Thus, the local changes of both NPs induced by CO adsorption are almost the same. Next, the deformation of the whole NP structure was examined. The average RMSD of all atoms for the D5h-NP (Au54, Sz = 0) and Oh-NP (Au55) were 13.9 pm and 3.1 pm, respectively. The average RMSD increased for the D5h-NP and decreased for the Oh-NP. This means that CO adsorption on the D5h-NP results in the structural change of all of the NP atoms, whereas that on the Oh-NP only affects the local structure around the adsorption sites. Partial optimizations of CO adsorption on the D5h-NPs of Au54 and Au49 with fixing NP geometries led to the adsorption energies of −0.76 eV and −0.84 eV, respectively. Adsorption energies by the full optimizations were −1.03 eV and −0.96 eV for Au54 and Au49, respectively. Thus, the stabilization by deformation was 0.27 eV for Au54 and 0.12 eV for Au49. The average RMSD for the D5h-NPs of Au54 and Au49 were 13.9 pm and 7.2 pm. Thus, the stabilization is related to the deformation degree of the whole NP structure upon CO adsorption. In other words, the morphology effect of the multiple twin NP around the size of about 1 nm arises from the stability of the whole NP structure upon CO adsorption.




3.3. CO Adsorption vs. the Coordination Number


As shown in Figure 4, the size dependence on the CO adsorption for the D5h-NP and Oh-NP with the same spin state of Sz = 1/2 is small between the second and third generations. Therefore, the pure CN dependence without the size effect can be estimated. We calculated the predicted adsorption energy of the Oh-NP of Au287, which had the same number of atoms as the largest D5h-NP, using an interpolation method. Figure 5 shows the plot of the CO adsorption energy as a function of the CN of the on-top sites. Adsorption energies at CN 5, 6, 7, and 9 were obtained from the adsorptions on the vertex site of the Oh-NP, the vertex of the D5h-NP, the edge of the Oh-NP, and the (111) face of the Oh-NP, respectively. Energies at CN 8 were calculated from the adsorption on the edge site of the D5h-NP and the (100) face sites of the Oh-NP. We can clearly establish a linear relationship between the CN and the CO adsorption energy as:


Ead/eV = 0.14 × CN − 1.61.



(2)






Figure 5. CO adsorption energy as a function of the coordination number of adsorption sites. Red circles and blue triangles represent the CO adsorption energies on the Oh-NPs and D5h-NPs (Sz = ½), respectively.
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The CO binding dependence on the CN has been already reported [19,30]. Mpourmpakis et al. used bond angles plus the CN as parameters for fitting. The need for bond angles is because they include the size and shape effect into such parameters. The absolute values reported by Lopez et al. [19] are different from our results. The adsorption energy in our study is the expected value in the case of the bulk surface because the size of NPs in our study is large enough to suppress the deformation upon CO adsorption. Experimentally, CO adsorption energies on an Au(211) surface, or 3(111) × (100) in microfacet notation, was determined [31]. The adsorption energy on a step-like (100) facet was 0.52 eV. The adsorption energy on a (111) face was estimated to be −0.28 to −0.39 eV. These experimental values agree with our calculated values. Since the energy dependence on the size is small for the large NPs with a size of more than 2 nm, the adsorption strength can be determined by the CN of the adsorption sites alone. Thus, the morphology effect of such large NPs can be explained by the number of CNs in the surface atoms [7].





4. Discussion


Now, we discuss the catalytic activity of the multiple twin Au-NP. The enhanced binding of CO for Au NPs is central to understanding the enhanced catalytic properties. Meier and Goodman observed the heat of CO adsorption for Au NPs ranging in size from 1.8 to 3.1 nm. They showed that the size of Au NP with the highest heat was very close to that exhibiting the maximum catalytic activity for CO oxidation [20]. DFT works by Lopez et al. [19] and Hvolbæk et al. [32] reported that the coordination number (CN) was the important factor for CO oxidation over Au catalysts in comparison to the role of charge transfer, layer thickness, and interactions with the support. Taylor et al. [7] reported that the relation between the CO oxidation activity and the average CO binding energy was affected by the average surface CN. In the case of the Oh-NPs in our study, the average surface CN was 7.2 for Au147 to 6.6 for Au55. According to Equation (2), the decrease in size leads to the increase in CO binding by 0.84 eV. Thus, the size effect for catalytic activity using the CN can be applied for the Oh-NP. For the second and third generations, this estimate is also applicable for the D5h-NP, which had the average surface CN of more than 7.4 (see Table S1). Since CO binding on the D5h-NP was weak, the D5h-NPs of this size are not active species for enhanced CO oxidation. On the other hand, the CO adsorption energy of the D5h-NP in the first generation was more negative than that of the Oh-NP. Thus, the species showing higher catalytic activity than the single-crystal NPs are expected to be multiple twin structures with a size of less than 1 nm. The enhancement comes from the deformation of the whole NP structure, or the stability of Au-NP, upon gas adsorption. Some theoretical studies [33,34] reported the relation between the stability of metal NPs upon gas adsorption and the activity for CO oxidation. Recently, environmental transmission electron microcopy (ETEM) measurement showed that the fraction of morphology-changeable Au-NPs is not negligible for catalytic activity [35].



Finally, we suggest a ratio of surface atoms as a simple descriptor of the deformation effect mentioned above. Figure 6 shows the plot of the average RMSD for the vertex adsorption of all NPs as a function of the ratio of surface atoms to all atoms of the NPs. When the ratio of the surface atoms was 0.8 or more, the deformation described by the average RMSD increased sharply. Although this deformation occurred only for the multiple twin NPs (D5h-NPs) in our case, this would also occur for NPs that have a symmetry other than D5h in the case of the smaller size of NPs. Since the average RMSD represents the stability of Au NP upon CO adsorption, there is a possibility that the ratio of surface atoms can be a reaction descriptor for small NPs, in which the stability is significant for gas adsorption.


Figure 6. Average RMSD as a function of the ratio of surface atoms. Average RMSD represents an average value of the root mean square distances (RMSDs) of all NP atom coordinates before and after CO adsorption.
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5. Conclusions


DFT calculations were performed for CO adsorption on three generations of Au NPs with sizes of about 1, 2, and 3 nm. The size effect for the CO adsorption energy on the vertex site was small in the case of the single-crystal structure and the single-twin structure. For NPs larger than 2 nm, the CO adsorption energy was mainly determined by the coordination number of the adsorption sites, regardless of the symmetry of the Au NPs. Under the condition that the size effect was removed, a clear linear relationship between the adsorption energy and the coordination number (CN) was obtained without another parameter, such as bond angles. The size dependence of CO adsorption on the vertex site for the multiple twin structure of D5h was large, and a sharp enhancement occurred as the size decreased from 2 nm to 1 nm. This was not due to the strain effect. The deformation of the whole NP structure before and after CO adsorption was large for the multiple twin structure with a size of 1 nm. This deformation resulted in the enhancement of CO adsorption on the multiple twin NP. Thus, the morphology effect for the small size of multiple twin NPs arises from the deformation upon CO adsorption. Finally, we suggested a ratio of surface atoms as a simple descriptor for the deformation effect. When the ratio of the surface atoms was 0.8 or more, the deformation described by the average RMSD increased sharply. In such cases, the CO adsorption energy must be estimated by the deformation in addition to the CN.
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