

  catalysts-12-01287




catalysts-12-01287







Catalysts 2022, 12(10), 1287; doi:10.3390/catal12101287




Article



Computational Insights into Ru, Pd and Pt fcc Nano-Catalysts from Density Functional Theory Calculations: The Influence of Long-Range Dispersion Corrections



Marietjie J. Ungerer 1,*[image: Orcid] and Nora H. De Leeuw 1,2[image: Orcid]





1



School of Chemistry, Cardiff University, Main Building, Park Place, Cardiff CF10 3AT, UK






2



School of Chemistry, Faculty of Engineering and Physical Sciences, University of Leeds, Leeds LS2 9JT, UK









*



Correspondence: ungerermj@cardiff.ac.uk







Academic Editors: Omid Norouzi, Pietro Bartocci, Somayeh Taghavi and Shima Masoumi



Received: 27 September 2022 / Accepted: 14 October 2022 / Published: 21 October 2022



Abstract

:

Ruthenium, palladium and platinum fall within the group of noble metals that are widely used in catalysis, especially for the electrocatalytic production of hydrogen. The dominant phase of the bulk Ru metal is hexagonal close-packed (hcp), which has been studied extensively. However, significantly less attention has been paid to the face-centred cubic (fcc) phases, which have been observed in nanoparticles. In this study, we have carried out density functional theory calculations with long-range dispersion corrections [DFT-D2, DFT-D3 and DFT-D3-(BJ)] to investigate the lattice parameters, surface energies and work functions of the (001), (011) and (111) surfaces of Ru, Pd and Pt in the fcc phase. When investigating the surface properties of the three metals, we observed that the DFT-D2 method generally underestimated the lattice parameters by up to 2.2% for Pt and 2.8% for Ru. The surface energies followed the observed trend (111) < (001) < (011) for both Ru and Pd with all three methods, which is comparable to experimental data. For Pt the same trend was observed with DFT-D2 and DFT-D3(BJ), but it deviated to Pt (111) < Pt (011) < Pt (001) for the DFT-D3 method. DFT-D2 overestimated the surface energies for all three Miller Indexes by 82%, 73%, and 60%, when compared to experimental values. The best correlation for the surface energies was obtained with the DFT-D3 and DFT-D3(BJ) methods, both of which have deviate by less than 15% deviation for all surfaces with respect to experiment. The work function followed the trend of Φ (111) < Φ (001) < Φ (011) for all three metals and calculated by all three methods. Five different types of Ru, Pd and Pt nanoparticles were considered, including icosahedral, decahedral, cuboctahedral, cubic and spherical particles of different sizes. The bulk, surface and nanoparticle calculations showed that the DFT-D2 method for Pt overestimated the exchange-correlation, leading to higher energy values that can be contributed erroneously to a more stable structure. The calculations showed that as soon as the surface-to-bulk ratio > 1, the energy per atom resembles bulk energy values.
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1. Introduction


Hydrogen is a sustainable energy vector, which is set to play a leading role in attaining a net zero carbon economy. Extensive research is carried out into the production of clean H2, but safe and cost-effective storage and transportation of hydrogen is another major task in the development of a hydrogen economy. Recently, global research efforts have shifted towards storing hydrogen in condensed phases, to increase the density of hydrogen beyond what can be achieved via compression or liquefaction [1]. Liquid organic hydrogen carriers (LOHC) are promising candidates for reversible hydrogen storage and transport [2], whose function is based on a two-step catalytic cycle: (i) loading hydrogen into the LOHC molecule (hydrogenation) and (ii) unloading hydrogen after transport and storage (dehydrogenation).



A crucial aspect in LOHC development is selection of the proper catalytic system for the hydrogenation and dehydrogenation reactions. Various catalysts have been used for both the hydrogenation and dehydrogenation reactions, including precious metals platinum (Pt) [3], palladium (Pd) [4] and ruthenium (Ru) [5], supported on alumina (Al2O3), carbide (C) and silica (SiO2), to achieve chemical routes with high selectivity under sufficiently mild reaction conditions [6]. To understand the performance of Ru-based catalysts, the hexagonal close-packed (hcp) phase of Ru, the dominant phase in bulk Ru, has been studied extensively, both experimentally and theoretically using first-principles methods [7,8]. However, significantly less attention has been paid to the face-centred cubic (fcc) phase, which has been observed in confined structures such as nanoparticles [9] and has been manufactured using a seeding method [8]. To obtain high catalytic efficiency, metal loading, appropriate support selection, and structural properties (particle size, porosity, active surface area, etc.) are all important characteristics [10]. To this end, the development and optimisation of efficient catalyst systems clearly requires both experimental and theoretical approaches.



Advances in sophisticated computer resources with faster computing capability and state of the art materials simulation methodologies have emerged as important tools in catalysis research owing to their ability to accurately model size-dependent properties and behaviours of nanomaterials [11]. Modern first-principles calculations based on the density functional theory (DFT) are capable of predicting material properties [12], which has made them an indispensable modelling toolkit for scientists to complement experimental research. Even the computational modelling of explicit nanoparticles of various shapes and sizes is now possible with accurate DFT techniques, which allows the rapid development of some catalysts without extensive experimental tests by selecting only the materials that are most suitable for the desired catalytic processes.



One aspect of nanoparticles that we need to consider is that nanosized crystals have a large portion of low coordinated atoms, and the physical properties of nanosized materials (such as the surface energies and morphology) will change as a result of differences in shape and size [13]. The surface energy is a fundamental property of the different facets of a material that is crucial to the understanding of various phenomena, including surface segregation, roughening, catalytic activity, and the crystal’s equilibrium shape. Such surface phenomena are especially important at the nanoscale, where the large surface area to volume ratios lead to properties that are significantly different from the bulk. In this work, we present the calculated surface energies and work functions of the extended (001), (011) and (111) Miller index surfaces of the fcc phase of Ru, Pd and Pt. Furthermore, we have also explicitly calculated the properties of five different nanoparticles, i.e., icosahedral, decahedral, cuboctahedral, cubic and spherical particles, in a range of 12 to 665 atoms.




2. Computational Methods


2.1. Calculation of Surfaces


The Vienna Ab Initio Simulation Package (VASP) [14,15,16,17] version 5.4.1 was used to simulate the bulk and surfaces of the periodic Ru, Pd and Pt metal structures. In all calculations, the projector augmented wave (PAW) [18,19] pseudopotential approach was used to describe the interactions between the valence and core electrons. The core electrons were defined up to and including 4s, 4p and 5p orbitals for the Ru, Pd and Pt atoms, respectively. As such, 10 valence electrons are calculated for both Pt and Pd, but Ru needs to be considered in a different manner. Ru can form compounds in multiple oxidation states, from −2, 0, and +1 to +8. For that reason, not only the 5s1 electrons are active in reactions, but all electrons in the 4p6 4d7 5s1 need to be considered, i.e., 14 valence electrons in total, which does increase the computational cost. The exchange-correlation approximation was included with the Perdew-Burke-Ernzerhof (PBE) [20] functional within the generalised gradient approximation (GGA). To establish the best fit with experimental data, three approximations were considered to account for the long-range dispersion interactions as observed in similar systems, i.e., the DFT-D2 method by Grimme [21], the zero damping DFT-D3 method by Grimme [22], and DFT-D3(BJ) method by Grimme with Becke-Johnson damping [23]. Plane waves were included with the recommended cut-off of 400 eV. The conjugate gradient technique was adopted for all geometry optimisations and to ensure an electronic entropy of less than 1 meV·atom−1, whereas a smearing of 0.05 eV with the Methfessel-Paxton scheme order 1 [24] was used to determine the partial occupancies during geometry optimisation. The final static simulations were obtained with the tetrahedron method with Blöchl corrections [25] to ensure accurate total energies, charges and densities of states, where the electronic and ionic optimisation criteria were set at 10−5 eV and 10−2 eV·Å−1, respectively.



The   F m  3 ¯  m   crystal structure was used to construct the bulk structures of Ru [26], Pd [27] and Pt [28] within a primitive face-centred cubic (fcc) cell. The k-point mesh for these calculations was a Γ-centred 17 × 17 × 17 Monkhorst-Pack mesh [29]. The resulting fcc lattice constants were 3.778, 3.886 and 3.924 Å, for Ru, Pd and Pt, respectively, which correlate with the experimental values of 3.87 [30], 3.89 [27] and 3.925 Å [31,32], respectively. The low Miller index (001), (011) and (111) surfaces were created with the METADISE code [33]. Periodic p(3 × 3), p(3 × 3) and p(4 × 4) supercells were constructed, respectively, each with four layers and a 15 Å vacuum space to ensure that no interaction would occur between the surfaces in neighbouring simulation cells as a result of the 3-dimensional boundary conditions. All three surfaces are bulk-terminated 2 × 2 structures with four atomic layers, with the surface simulation cells containing 72, 48 and 64 atoms, respectively. The Brillouin zone was sampled by a Γ-centred 7 × 7 × 1 Monkhorst-Pack k-point grid. During the optimisation of the surfaces, the bottom two layers of the supercells were frozen in their bulk locations, with the remaining two layers allowed to move until the set energy criteria were met. Even though Pt and Pd do not have unpaired electrons, spin polarisation was considered during these surface calculations, as future work will also include base metal dopants like Ni and Co, for which this would be necessary.



The unrelaxed (   Ɣ u   ) and relaxed (   Ɣ r   ) surface energies were determined using Equations (1) and (2), respectively:


   Ɣ u  =    E  s l a b , u   −  N  P t , s l a b    E  P t ,   b u l k     2  A  s l a b      



(1)






   Ɣ r  =    E  s l a b ,   r     −  N  P t , s l a b    E  P t ,   b u l k      A  s l a b     −  Ɣ u   



(2)




where    E  s l a b ,   u    ,   E  s l a b ,   r     and    E  P t ,   b u l k     are the energies of the unrelaxed slab, the half-relaxed slab and the bulk, respectively.    N  P t , s l a b     and    A  s l a b     represent the number of Pt atoms in the slab and the surface area of the slab, respectively. The percentage of relaxation (R) was calculated as the difference between the unrelaxed and relaxed surface energies, divided by the unrelaxed surface energy, multiplied by 100.



Wulff morphologies [34] were constructed using the Wulffpack program [35] The equilibrium Wulff crystal is constructed, assuming that the distance of the crystal face (d001, d011, d111) to the centre of the nanoparticle is proportional to their surface free energies as:


     d  001      σ  001     =    d  011      σ  011     =    d  111      σ  111      



(3)








2.2. Calculation of Nanoparticles


To investigate the nanoparticles, we have used OpenMD (v.2.6) [36], which is an open-source molecular dynamics engine that is capable of efficiently simulating nanoparticles using force fields. The Sutton-Chen [37] potentials have been used to study a wide range of phenomena in metals; they include a repulsive pairwise potential that accounts for interactions of the pseudo-atom cores and a many-body potential that models the interactions between the valence electrons and the cores of the pseudo-atoms. The Sutton-Chen potential was parameterized by Qi et al. [38] via empirical and ab initio calculations to match structural features of the fcc crystal. As we considered fcc metals, the Sutton-Chen forcefield [37] was used to account for the Pd and Pt atoms and modified to account for the Ru [39,40] interatomic forces, atomic mass, valence electrons and lattice parameters. OpenMD was used to construct nanoparticles of various sizes and geometries, including icosahedral, decahedral, cuboctahedral, cubic and spherical particles. The resulting coordination files from OpenMD were next used within the VASP software to obtain the optimum geometries and energies.



To ensure that the obtained nanoparticle data can be compared to the bulk and surface calculations, the computational settings were kept the same. Again, we utilised the GGA PBE functional [20] with the three approximations, DFT-D2 [21], DFT-D3 [20], and DFT-D3(BJ) [23] to account for the long-range dispersion interactions. Plane waves were included with the recommended cut-off of 400 eV. Each nanoparticle was modelled in a periodic box of non-equivalent dimensions, i.e.,12 × 13 × 14 Å with at least 10 Å vacuum space in all directions to ensure negligible interaction with neighbouring cells. For both the geometry optimisations and energy calculations, Gaussian smearing [24] of 0.05 eV was used with a Γ-centred Monkhorst-Pack [29] k-point mesh of 1 × 1 × 1. None of the nanoparticles were computed with symmetry constraints, but for increased accuracy, dipole corrections were added in all directions. The final static simulations were obtained with the tetrahedron method with Blöchl corrections [25] to ensure accurate total energies, charges and densities of states, where the electronic and ionic optimisation criteria were set at 10−5 eV and 10−2 eV·Å−1, respectively.



All the graphics for the surfaces and nanoparticles shown here were obtained with the VESTA (Visualization for Electronic and STructural Analysis) code v.3.5.5 [41].





3. Results and Discussion


3.1. Ruthenium, Palladium and Platinum Surfaces


To optimize the geometry of the (001), (011), and (111) surfaces of Ru, Pd and Pt, three different long-range dispersion approximations were tested, including (i) the DFT-D2 method by Grimme, [21] (ii) the zero damping DFT-D3 method by Grimme, [22] and (iii) the DFT-D3 method with Becke–Johnson damping [23]. It is known from previous work with Pt [42] that the DFT-D2 method overestimates the exchange correlation for electrons, leading to an underestimated lattice parameter for Pt and overestimated surface energy. Other authors have also recommended to use DFT-D3 and higher accuracies for metallic systems [43]. However, owing to the fast calculation time, it was deemed useful to have a full set of data that also included the use of DFT-D2 for all three metals for the bulk, surface and nanoparticle calculations.



Figure 1 shows the three mayor Miller index (001), (011) and (111) surfaces considered in this work. The fcc arrangement was used for Ru, Pd and Pt, resulting in flat smooth (001) and (111) structures and a corrugated or grooved (011) metal surface. As these are periodic systems, each surface has a 15 Å vacuum space above the surface to avoid interaction with next unit cell. It was shown [42,43] that long-range dispersion corrections influence various parameters of a modelled surface, including the lattice parameter and surface energy.



Listed in Table 1 is the bulk energy (Ebulk) and lattice parameters (a) for the bulk system, unrelaxed (γu) and relaxed surface energies (γr), surface areas (A) and work function (Φ), calculated for the Ru, Pd and Pt (001), (011) and (111) surfaces, using the three different long-range dispersion correction methods.



All three methods gave similar result for the lattice parameters of Ru, that were underestimated by between 2.6 and 2.8% from the experimental value of 3.87 Å [30]. In the case of Pd, the lattice parameters correlated within 0.01 Å of the experimental value of 3.89 Å [27]. As already mentioned, the Pt lattice parameter was underestimated by 2.2% for the DFT-D2 method but was within 0.1% for the DFT-D3 and DFT-D3(BJ), when compared to the experimental value of 3.924 Å [31,32].



The surface energies of Ru followed the trend Ru (111) < Ru (001) < Ru (011) for all three methods, although they are higher by about 1 eV compared to the reported literature values. This apparent discrepancy could be due to the fact that not all computational models include the dispersion corrections, leading to very different surface energy values reported in the literature [44]. For example, for all three Ru surfaces the DFT-D2 method leads to a higher value. The surface energies of Pd followed the same trend Pd (111) < Pd (001) < Pd (011) for all three methods. Compared to the reported surface energies, these energies deviate by less than 0.2 eV from literature values, even in the case of DFT-D2, which, however, still gives the highest value.



For Pt, the surface energy trend from the DFT-D2 and DFT-D3(BJ) methods was again Pt (111) < Pt (001) < Pt (011), but from DFT-D3 it became Pt (111) < Pt (011) < Pt (001). In terms of surface energies, all methods confirmed the lowest surface energy for Pt (111), followed by the other two surfaces. Again, the DFT-D2 method overestimated the energies for all three surfaces by 82%, 73%, and 60%, respectively. The best correlation for surface energies was with DFT-D3 and DFT-D3(BJ) methods, both of which deviate by less than 15% for all the surfaces with respect to experiment [51].



The work function, a descriptor inversely related to chemical reactivity, was calculated for the (001), (011), and (111) surfaces. However, the work function alone cannot be used to predict reactivity, as it is dependent on the surface properties as well as temperature [53]. In the case of Ru, the work function follows the same trend as the surface energies Φ (111) < Φ (001) < Φ (011). The Φ (011) correlates well with other modelled data, but for the (001) and (111) it deviates by as much as 0.5 eV. This apparent discrepancy could be due to the fact that it is notoriously difficult to find pure fcc Ru surfaces and most surfaces or nanoparticles show some reconstruction to hcp [54], which then influences the measured work function. There were no major reconstructions to indicate that our fcc model was meta-stable and no suggestion in the bulk relaxation of a partial phase change to “hcp-like” packing order. In the case of Pd, it follows a similar trend for all three methods Φ (111) < Φ (001) < Φ (011) and correlates with literature values. For Pt, it was determined that removing an electron would be easiest from the (111) surface, followed by the (001) and (011) surfaces, which trend is also reported in the literature [46], although the data were dependent on the surface area and modelling approximation used. Overall, in the case of the work function, it seems that all three methods gave similar results for each surface and that the dispersion correction plays a more significant role in calculating the lattice parameter and surface energies.



The surface energies from Table 1were used in the Wulff construction method [34] to construct predicted nanoparticle morphologies, where we can visualize which surfaces are more stable and most likely to be present in experimental nanoparticles. Table 2 shows the resulting Wulff morphologies for Ru, Pd and Pt according to the three DFT protocols used. Overall, all three major surfaces are expressed in the nanoparticles, producing a rhombo-cuboctahedron structure with 8 truncated triangular (111) faces, 12 truncated (011) faces, and 6 square (001) faces. We can see that the Ru (111) surface will be present up to 72%, followed by the (001) and (011) surfaces to a lesser extent. A similar trend is observed for both Pd and Pt, i.e., that the (111) surface would be present for reactions to take place. Interestingly, when using the DFT-D3 method, the (011) surfaces does not seem to be expressed in Pt. In an experimental study by Lee et al. [55] it was seen that colloidal particles of Pt preferentially expressed the (001) and (111) facets. However, all three low Miller index surfaces appeared to varying extent in the nanoparticles when the temperature was changed during the experiment.




3.2. Nanoparticles


Five different nanoparticles were considered, including icosahedral, decahedral, cuboctahedral, cubic and spherical particles, as depicted in Figure 2. The first nanoparticle considered was the icosahedral shape. The name comes from the ancient Greek words εἴκοσι (eíkosi), which means ‘twenty’ and ἕδρα (hédra) ‘seat’, indicating that an icosahedron has 20 faces of equilateral triangles; they meet in 30 edges and 12 vertices. The triangle faces consist of (111) surfaces. For each of these nanoparticle structural shapes, the nanoparticle is built up of a certain number of atoms that correspond to the optimum stable configurations; these numbers are usually called the magic numbers (Gm) [56]. Mackay [57] found that for icosahedral structures the geometrical packing would follow the order: Gm = 1, 13, 55, 147, 309, 561, which correlates exactly with our calculated structures. We omitted the structure with one atom (Gm = 1) as this does not fall within our definition of a nanoparticle. Considering the first icosahedral nanoparticle (Figure 2: Gm = 13) it can be seen that the triangle surfaces have three atoms, with two atoms on each edge. To obtain the next size a complete layer of atoms is added, resulting in triangle faces with three atoms on the edge (Gm = 55), followed by four, five and six edge atoms for Gm = 147, 309 and 561, respectively. Interestingly, the nanoparticles consisting of Pt and Pd are very similar in size, with Ru being slightly larger. In a previous paper [42,58] on metal bulk structures and surfaces, Pt atoms moved into the bulk from the surface, leading to contraction of atoms which could explain the smaller nanoparticle sizes.



The second nanoparticle, the decahedral particle, is a polyhedron with 10 faces. In this class, there are 32,300 topologically distinct decahedra [59,60], and none are regular, so this name does not identify a specific type of polyhedron except for the number of faces. In our case, we constructed various sizes of a pentagonal dipyramid with 5 faces on two distinct sides of the polyhedron, forming 10 equilateral triangles with 15 edges and 7 vertices. In this case, the geometrical packing follows the order: Gm = 1, 7, 23, 54,105, 181 and 287 as each complete shell was added. Similar to the icosahedral shapes, here the Pt and Pd have a very similar size with Ru again being slightly larger.



In both icosahedral and decahedral nanoparticles, all the faces were triangles. However, for the third nanoparticle shape, the cuboctahedral particle has a truncated cubic structure with 6 square and 8 triangle faces, 24 identical edges and 12 identical vertices, with 2 triangles and 2 squares meeting at each [61]. The square faces have a (001) surface, while the triangle faces have (111) surfaces. Due to the cubic nature, with each successive shell the atom numbers nearly double, Gm = 13, 55, 147 and 309. Similarly, the fourth shape considered was the cubic nanoparticle with 6 square (001) faces, 12 edges and 8 vertices. Five sizes were considered: Gm = 13, 63, 171, 365 and 665.



Finally, the fifth shape was the spherical nanoparticle. Due to the fcc packing order, no true spherical shape was obtained and most structures are a combination of icosahedral and cuboctahedral shapes, which has also been reported before, especially in gas phase molecules [62,63]. Sloane and Teo [64] proposed drawing a spherical structure within a perfect crystal lattice, where all atoms contained within the sphere constitute a spherical cluster. Therefore, each successive shell has irregular numbers as shown in Figure 2: Gm = 1, 13, 19, 43, 55, 79, 87, 135, 141, etc. The surfaces here are mostly (001) and (111), although some sizes, for example the M249 as only expressed for Ru, have a truncated cuboctahedron shape with (001), (011) and (111) surfaces.



The most stable configurations for Ru, Pd and Pt icosahedral nanoparticles of increasing sizes, obtained using all three DFT-D2, DFT-D3 and DFT-D3(BJ) methods, are shown in Figure 3 in terms of energy per atom versus the number of atoms. For all three metal types and all three calculation methods, the general trend was that the larger values (more negative) were calculated as the particle size increased, indicating a more stable nanostructure. Small nanoparticles have a substantial fraction of their atoms at the surface and as the particle increases in size, more bulk atoms are created. This high surface area to volume ratio is an important factor in many of the physical properties of nanoparticles, including their reactivity. Atoms at the surface are under-coordinated, and because breaking bonds costs energy, surface atoms always have higher energies than atoms in the bulk [65], regardless of whether the bonding is covalent (as in a metal), ionic (in a salt), or non-covalent (in a liquid such as water).



The smallest icosahedral nanoparticle has 12 surface atoms and 1 bulk atom (ratio of 12/1), compared to the next size ratio of 3.23 for Gm = 55 (42 surface atoms to 13 bulk atoms), followed by 1.67 (92/55), 1.10 (162/147) and 0.82 (252/309) for Gm = 147, 309 and 561, respectively. The largest nanoparticle considered, Gm = 561 is the first particle where more bulk atoms are present and thus the energy per atom here is comparable to the bulk energy calculated for each metal in Table 1. Comparing the three computational methods (DFT-D2, DFT-D3 and DFT-D3(BJ)), both Pd and Ru obtained similar results for all the nanoparticle sizes calculated. Extrapolating to larger nanoparticles, the energy per atom for Pd reaches higher values than −5 eV/atom, which correlates with the bulk calculations shown in Table 1. Due to computational costs and thus size constraints for the VASP calculations, we were unable to obtain the Ru Gm = 561 structures. Extrapolating the obtained data in Figure 3, we would expect larger Ru nanoparticles to have energy per atom values of between −8 and −9 eV per atom. In the case of Pt, the DFT-D2 method deviates from the others, showing much larger energy values. One might expect this method to produce stable structures based on the large, calculated energy values, but in this case it is erroneous. Table 1 shows the discrepancy between DFT-D2 and DFT-D3 for not only the bulk calculations, but also the surface energy calculations, which are therefore also present in the nanoparticle calculations. The DFT-D2 method overestimates the exchange correlation term for all the electrons in this system (as reported before [42,66]) and as the nanoparticle increases in size, this energy deviation increases too.



The energies as a function of increasing sizes of the decahedral nanoparticles of Ru, Pd and Pt, calculated by the three modelling methods, DFT-D2, DFT-D3 and DFT-D3(BJ), are shown in Figure 4. Similar to the icosahedral structures, the decahedral particles show the energy per atom to increase as the size increases. When calculating the surface-to-bulk atom ratio, we again see a decreasing trend of 6.00, 2.29, 1.35, 0.94, 0.72 and 0.59 for Gm = 7, 23, 54,105, 181 and 287, respectively. In this shape, the number of bulk atoms already exceeds the surface atoms at Gm = 105. Similar to the icosahedral data, all three calculation methods gave similar results for Pd and Ru, with the DFT-D2 method deviating for Pt. Extrapolating the results to larger nanoparticles, the energy per atom reaches values over −5 eV/atom for Pd, −6 eV/atom for Pt and −8 eV/atom for Ru, which correlate with the bulk calculations shown in Table 1.



The data for the energies per atom for the cuboctahedral Ru, Pd and Pt nanoparticles of increasing sizes are shown in Figure 5. The data follow similar trends to the icosahedral and decahedral structures, where the energy per atom increases as the size increases. Calculating the surface-to-bulk atom ratios, we again see a decreasing trend of 12.00, 3.23, 1.67 and 1.10 for Gm = 13, 55, 147 and 309, but for this shape, the number of bulk atoms did not exceed the surface atoms within the size range considered. Similar to the icosahedral data, all three calculation methods gave similar results for Pd and Ru, with the DFT-D2 method deviating again for Pt. Extrapolating the energies to larger nanoparticles indicates that the energy per atom reaches values above −5 eV/atom for Pd, −6 eV/atom for Pt and −8 eV/atom for Ru, which correlates with the bulk calculations shown in Table 1.



The energies as a function of increasing sizes of the cubic nanoparticles of Ru, Pd and Pt, calculated by the three modelling methods, DFT-D2, DFT-D3 and DFT-D3(BJ), are shown in Figure 6. Again, the energy per atom increases as the nanoparticle size increases, with the surface-to-bulk atom ratio again decreasing from 12.00 to 3.85, 1.71, 1.13 and 0.82 for Gm = 13, 63, 171, 365 and 665, respectively. The number of bulk atoms exceeds the surface atoms at Gm = 665. Once again, the three calculation methods gave similar results for Pd and Ru, with the DFT-D2 method deviating for Pt. As expected, extrapolation to larger nanoparticles indicates that the energy per atom would again reach values above −5 eV/atom for Pd, −6 eV/atom for Pt and −8 eV/atom for Ru, which correlates with the bulk calculations shown in Table 1.



The most stable configurations in terms of energy per atom versus the number of atoms for spherical Ru, Pd and Pt nanoparticles of increasing sizes, calculated with the three DFT-D2, DFT-D3 and DFT-D3(BJ) modelling methods, are shown in Figure 7. Due to the incremental increase in radius of the theoretical spherical size considered, more structures were calculated. However, calculating the surface-to-bulk atom ratio is not the same as with the other nanoparticles, because each increment in size does not necessarily add a full shell to the particle. As expected, a decreasing trend of the surface-to-bulk ratio is still observed: 12.00, 18.00, 2.31, 3.23, 5.08, 0.58, 1.45, 1.56, 1.03, 0.49, 0.67 (0.84) and 0.60 for Gm = 13, 19, 43, 55, 79, 87, 135, 141, 177, 201, 255 (249) and 321, respectively. Surprisingly, the overall energy per atom starts at a much higher energy than was observed for the other nanoparticles, but as in the other nanoparticles, the energies extrapolate to −5, −6 and −8 eV/atom for Pd, Pt and Ru, respectively.



Comparing the energy profiles for the five nanoparticle types, we can see that more than 200 atoms are needed before the energy per atom reaches the bulk energy for each respective metal type. It is also at this point that the number of bulk atoms matches or exceeds the surface atoms.





4. Conclusions


Density functional theory calculations have been employed to gain detailed understanding of the behaviour of different types of nanoparticles, compared to the fcc bulk metal and extended surfaces. It was determined that the DFT-D3(BJ) dispersion method provides the best agreement between calculated surface energies and lattice parameters compared to experimental values. Bulk, surface and nanoparticle calculations showed that the DFT-D2 method used for Pt overestimates the exchange correlation, leading to higher energy values that could erroneously suggest structures to be more stable than they are in reality.



The Wulff morphology of all three metal types showed that the (111) surface is the dominant surface but that the (001) and (011) surfaces are also expressed in the particle morphologies. However, when using the DFT-D3 method, the Pt nanoparticle only showed the presence of the (111) and (011) surfaces, indicating the sensitive balance between surface energies and the resulting morphologies.



Five different types of Ru, Pd and Pt nanoparticles of different sizes were considered, i.e., icosahedral, decahedral, cuboctahedral, cubic and spherical particles. Pt atoms at the surface moved into the bulk metal, leading to contraction that could explain the smaller nanoparticle sizes. Comparing the size of each metal, it was seen that Pt and Pd had similar sizes, with Ru being slightly larger. Overall, the energy per atom increases (becoming more negative) as the particle size increases and extrapolation to larger sizes indicates convergence to bulk energy values, irrelevant of the shape of the particular nanoparticle. The calculations showed that as soon as the surface-to-bulk ratio of the number of atoms is greater than one, the energy per atom resembles the bulk energies, which is a useful indication that only nanoparticles of smaller sizes need to be considered explicitly in calculations of their properties and behaviour, whereas it is likely that larger particles could be modelled accurately as a combination of bulk metal and extended surfaces.



Future work will include calculations of the interaction of hydrogen and small organic molecules with the nanoparticle surfaces, which should be directly comparable with experimental work. Our computational methods will allow the calculation of both the thermodynamics and kinetics of reaction pathways, thereby predicting likely products and identifying reaction mechanism, which will help the development of efficacious nano-catalyst shapes and sizes for experimental verification.
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Figure 1. Top and side views of the (001), (011) and (111) surfaces constructed for Ru, Pd and Pt. All metal atoms are shown purple in colour throughout the paper, with the second layer in a lighter colour to distinguish between top layer and subsequent layer atoms. 
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Figure 2. Various sizes and shapes of the stable fcc nanostructures for Ru, Pd and Pt, including icosahedral, decahedral, cuboctrahedral, cubic and spherical particles. 
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Figure 3. Energy per atom as a function of size for icosahedral Ru, Pd and Pt nanoparticles calculated with the three modelling methods, DFT-D2, DFT-D3 and DFT-D3(BJ). 
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Figure 4. Energy per atom as a function of size for decahedral Ru, Pd and Pt nanoparticles calculated with the three modelling methods, DFT-D2, DFT-D3 and DFT-D3(BJ). 
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Figure 5. Energy per atom as a function of size for cuboctahedral Ru, Pd and Pt nanoparticles calculated with the three modelling methods, DFT-D2, DFT-D3 and DFT-D3(BJ). 
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Figure 6. Energy per atom as a function of size for cubic Ru, Pd and Pt nanoparticles calculated with the three modelling methods, DFT-D2, DFT-D3 and DFT-D3(BJ). 
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Figure 7. Energy per atom as a function of size for spherical Ru, Pd and Pt nanoparticles calculated with the three modelling methods, DFT-D2, DFT-D3 and DFT-D3(BJ). 






Figure 7. Energy per atom as a function of size for spherical Ru, Pd and Pt nanoparticles calculated with the three modelling methods, DFT-D2, DFT-D3 and DFT-D3(BJ).



[image: Catalysts 12 01287 g007]







[image: Table] 





Table 1. Bulk energy (Ebulk) and lattice parameters (a) for the bulk system, unrelaxed (γu) and relaxed surface energy (γr), surface areas (A) and work function (Φ) was calculated for Ru, Pd and Pt (001), (011) and (111) surfaces, with different long-range dispersion corrections DFT-D2, DFT-D3 and DFT-D3(BJ) method.
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Table 2. Wulff morphologies constructed from surface energy for the DFT-D2, DFT-D3 and DFT-D3(BJ) method for Ru, Pd and Pt.
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