
 1 

Transition Metal Atoms Encapsulated within Microporous 

Silicalite-1 Zeolite: A Systematic Computational Study 

Hector Prats,* Gerard Alonso, Ramón Sayós and Pablo Gamallo*  

 

Departament de Ciència de Materials i Química Física & Institut de Química Teòrica i 

Computacional (IQTCUB), Universitat de Barcelona, c/ Martí i Franquès 1-11, 08028 Barcelona, 

Spain 

* Corresponding authors: gamallo@ub.edu, hpratsga@ub.edu 

Abstract 

 

Single-atom catalysts (SACs) have emerged as a novel class of catalysts that can show unique 

catalytic properties thanks to their easy tuneability. Moreover, they exhibit optimal metal utilization, 

allowing them to be more cost-efficient than usual bulk catalysts. However, SACs typically suffer 

from sintering under reaction conditions. In this context, zeolites are widely used as support 

materials for SACs, since the steric restrictions from their channels can effectively suppress the 

aggregation of the metal particles and provide encapsulated metal atoms with exceptional stability. 

Although significant efforts have been made to study zeolite-supported SACs, only a few transition 

metal atoms have been tested, and the determination of precise locations of single metal atoms 

within the zeolite matrix by experiments remains a nontrivial task. Herein we provide a thorough 

density functional theory study, including dispersion, of the energetic, structural, magnetic, and 

electronic properties for the full sets of 3d, 4d, and 5d transition metal atoms adsorbed on MFI-type 

Silicalite-1 zeolite. The behavioral trends gained from this study provide a solid theoretical 

background that can be used as the basis for interpreting, understanding, and discussing already 

observed experimental features, but future findings as well. 
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INTRODUCTION 

 

Supported metal catalysts play a critical role in the efficient production of many fuels and chemicals. 

They are the most common type of materials employed in heterogeneous catalytic processes, such as 

(de)hydrogenation, C-C coupling, carbonylation, oxidation, reforming reactions, cracking of 

petroleum hydrocarbons and so on.1,2,3,4 However, the performance of these catalysts is controlled by 

different factors such as the intrinsic properties of the metal centers, the size and shape of metal 

particles, the functionalities of supports, or the interaction between metals and supports, making 

these systems hard to rationalize.5,6,7,8 A decrease of the particle size results in an increase of the 

surface free energy and the unsaturated coordination environment, leading to stronger interactions of 

metal particles with supports and adsorbates.9,10 Additionally, small particles have less variety of 

adsorption sites and a more uniform shape, being easier to study. 

 In the recent years, single-atom catalysts (SACs) have emerged as a novel class of catalysts 

that can exhibit exceptional activity and selectivity for various catalytic reactions thanks to their easy 

tuneability.4,11,12,13 In contrast to supported metal nanoparticles (NPs), in which metal-metal bonding 

between either similar or identical atoms dominates the chemistry, SACs display atomically well-

dispersed atoms anchored to the support surface by chemical bonding, showing limited geometric 

transformation under reaction conditions. The bonding between single metal atoms and the support 

can result in substantial charge transfer, leading to electron-deficient single metal sites, which give 

rise to catalytic behavior very different from that of NPs and bulk metals. The isolated and cationic 

nature of supported single atoms is a key factor for understanding their activity and selectivity in a 

variety of chemical processes.14,15 Moreover, SACs exhibit optimal metal utilization, with all metal 

atoms being exposed to reactants and available for catalytic reactions, allowing to reduce their cost, 

especially in the case of noble metal catalysts. However, SACs or small metal particles typically 

suffer from sintering under the reaction conditions, which is frequently encountered with common 

supports such as oxides16,17 or carbon.18 

 In this context, zeolites are widely used as support materials for encapsulating small metal 

particles, since the steric restrictions from zeolite channels can effectively suppress the aggregation 

of the metal particles during both catalyst preparation and catalytic reaction processes, and therefore 

providing highly active metal particles with remarkable resistance against sintering.19-27 It has been 

shown that these zeolite-encapsulated metal particles have better selectivity than metal particles that 

are impregnated on the outer surface of zeolite crystals. 22,23,28,29 Moreover, since zeolites are not 

inert supports, they can provide fine-tuned acidic and basic sites, special confinement effects, and 

well-defined channels for catalytic processes, which is extremely attractive in the field of catalysis.30 
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The confinement effects can alter the electronic structure of supported metal particles, which results 

in different catalytic activity. Similarly, the acidic and basic sites can further modulate their 

properties. However, the effect of the zeolite microenvironment on the electronic structure and 

catalytic properties of small metal particles is not well understood so far.  

 In the last couple of years, several isolated metal atoms have been successfully encapsulated 

within zeolites via versatile methods of ion exchange and incipient wetness impregnation, which 

exhibited superior catalytic activity and stability. For instance, in 2014 Kistler et al.31 reported a 

highly stable SACs consisting on isolated Pt atoms supported in zeolite KLTL, which was used to 

catalyze CO oxidation. In 2017, Shan et al.15 showed that single Rh atoms on MFI-type zeolite 

(ZSM-5) catalyze the direct conversion of methane to methanol and acetic acid. In 2019, Liu et al.32 

reported a ligand-protected strategy for preparing Y zeolite-supported SACs (M@Y, M = Pt, Pd, Ru, 

Rh, Co, Ni, Cu) that can be extended to other types of zeolites. As a demonstration, Pt@Y was used 

for n-hexane isomerization showing a turnover frequency 5 times greater than Pt NPs and a total 

isomer selectivity of more than 98%. In the same year, Sun et al.33 developed a facile synthetic 

method to encapsulate single Rh atoms within MFI-type Silicalite-1 (S-1) and ZSM-5 zeolites, which 

exhibited excellent H2 generation rates from ammonia borane hydrolysis, and superior catalytic 

performance in shape-selective tandem hydrogenation of nitroarenes. Very recently, Qiu et al.34 

developed a simple and versatile approach for preparing zeolite confined SACs and prepared a 

Ru@S-1 catalyst that displayed superior performance in the ammonia synthesis.  

Although significant efforts have been made to develop the very promising zeolite-supported 

SACs, as stated above, many issues remain unresolved. For instance, Al-containing zeolites also 

present acidity- and basicity-associated active centers, which hinder single-atom-site mechanistic 

elucidation. 15,35,36,37 In this context, SACs prepared in pure-silica zeolite supports are more 

interesting. Additionally, there remains a lack of information about zeolite-encapsulated SACs using 

other transition metal (TM) atoms, and the determination of precise locations of single metal atoms 

within the zeolite matrix remains a nontrivial task. 

 Here, we provide a comprehensive study on the structural, energetic, magnetic, and electronic 

properties for the full sets of 3d, 4d, and 5d TM adatoms adsorbed on MFI-type S-1, TM@S-1. Note 

that Tc@S-1 has not been studied due to the radioactive nature of Technetium. Notably, S-1 is an 

ideal catalyst support for a large number of industrial processes33,34,38 and is easily synthesized.25 

This computational study has been carried out using a periodic model for the S-1 zeolite and at 

standard Generalized Gradient Approximation (GGA) level, including a proper description of the 

van der Waals (vdW) interactions. To our knowledge, this is the first systematic study of the 

adsorption of TM atoms on microporous zeolites.  
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METHODS 

 

All periodic Density Functional Theory (DFT) based calculations have been carried out using 

the Vienna Ab Initio Simulation Package (VASP) code,39 using the Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional.40 The contribution of dispersion terms has been added through the 

D3 approach, as proposed by Grimme et al. (PBE-D3).41 The system total energy has been obtained 

by self consistently solving the Kohn-Sham equations with the valence electron density expanded in 

a plane wave basis set of 600 eV of kinetic energy limit. Due to the large size of the simulation cell, 

the Brillouin zone was sampled at the Γ-point only. The effect of core electrons on the valence 

electron density was considered through the Projected Augmented Wave method.42,43 The threshold 

for the convergence of the electronic optimization was 10−5 eV, while the relaxation of the atomic 

positions was allowed until the forces acting on all the atoms were smaller than 0.01 eV Å−1. The 

analysis of the normal modes derived from the Hessian matrix has been performed ensuring that all 

the stationary states reported correspond to true minima. Spin-polarization have been considered to 

account for the magnetic properties of the supported transition metals. Note that a very similar 

computational setup was recently used to study the ethanol dehydration in H-ZSM-5 zeolite,44 

showing a good agreement with the available experimental data. 

The S-1 zeolite (Figure 1) has a unit cell of Si96O192 with an MFI framework composed by 

SiO4 tetrahedra (T) units positioned at 12 distinct T sites (i.e., T1-T12). Similarly, the O atoms can 

be located at 26 distinct O sites (i.e., O1-O26). Moreover, S-1 zeolite contains a 3D pore system with 

ten-, six- and five-membered-ring straight channels (hereafter 10-MR, 6-MR and 5-MR, 

respectively) in the [010] direction intersected by 10-MR zigzag channels in the [100] direction, as 

shown in Figure 1. The 3D periodic structure of the S-1 zeolite has been retrieved from the IZA 

zeolite database45 and then, optimized by allowing relaxation of all atoms, cell shape and cell 

volume. The optimized lattice parameters (" = 20.31 Å, # = 19.86 Å,	% = 13.37 Å) are in close 

agreement with those reported in the IZA database45 (" = 20.09 Å, # = 19.74 Å,	% = 13.14 Å). The 

position of all distinct 12 T and 26 O sites can be shown in Figure S1 in the Supporting Information 

(SI). 

The adsorption of TM atoms has been studied in several sites, initially placing the metal atom 

in different non-equivalent positions (at least 15) contained in the 14.7 < ' <19.5 Å region. 

Therefore, all framework atoms with coordinate ' ∈ [11.5 Å, 19.9 Å] (i.e., a total of 72 O and 36 Si 
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atoms) were allowed to fully relax during the geometry optimization. Adsorption energies ()*+,) 

were calculated as follows: 

 )*+, = 	)./@123 − )123 − )./ (1) 

where )./@123 is the energy of the TM@S-1 system, )123 is the energy of the pristine S-1 structure 

and )./ is the energy of the isolated TM atom (see Table S1 in the SI for calculated )./ values). In 

this way, favorable adsorption energies have a negative sign. When computing single atoms, a 

broken symmetry cell of 9×10×11 Å dimensions was employed to ensure proper occupancy of 

degenerated orbitals. These calculations were run until convergence to the correct magnetic ground 

state and ensuring that the final occupancies are either 0 or 1. Charges on TM adatoms (6), which 

are related to the metal’s oxidation state, have been computed through a Bader analysis of the 

electron density.46  

 

RESULTS AND DISCUSSION 

 

The adsorption of TM atoms on zeolite S-1 has been studied on several non-equivalent sites, 

including the zeolite walls and the center of the ring channels (i.e., 10-MR, 6-MR and 5-MR). 

However, we have focused the discussion only on the most stable adsorption site for each TM since 

it corresponds to the preferred adsorption site. Thus, we have obtained for each TM atom most stable 

adsorption site, the corresponding adsorption energy ()*+,), the distance to the nearest atom(s) of the 

zeolite framework, the normal modes analysis, the TM Bader charge (6), and finally, the overall 

local magnetic moment on the adsorbed TM (7./@123) and the variations on the TM adatom 

magnetic moment due to the adsorption process (∆7 = 7./@123 − 7./, i.e., the difference between 

the metal magnetic moment of the metal atom adsorbed in the zeolite and its ground state reference 

value, 7./).  

Energetic and structural properties and trends are now analyzed according to the results listed 

in Table 1. For all the adsorption sites listed in Table 1 we have obtained the vibrational frequencies 

(Table S2 in the Supporting Information). These values show that the adsorption sites where TM 

atom interacts with the zeolite framework atoms correspond to true minima. In the case of TM atoms 

located in the center of the 10-MR the interaction is so slight that the vibrational mode analysis has 

no sense leading to some imaginary frequency values lower than 37i cm-1. Adsorption energies range 

from −0.48 eV (Cu and Zn) to −1.67 eV (Pt). The weakest (i.e., less negative) adsorption energies 

are found for TMs of groups 11 and 12, as shown in Figure 2a. These elements have a full occupancy 

of d orbitals (i.e., they display a d10 electronic configuration, see Table S1 in Supporting 
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Information), which stabilizes the isolated atom and leads to a weaker binding strength to the zeolite. 

A similar behavior is found for Cr, Mn, Mo and Re, which have a semi occupancy of d orbitals (i.e., 

d5 electronic configuration). Therefore, the adsorption strength seems to be mainly governed by the 

relative stability of the isolated TM atoms, as it was also found for TM@graphene systems.47 The 

only exception to this rule is Pd, whose d10 configurations should yield small adsorption energy (i.e., 

close to −0.48 eV), but it is found to be −1.01 eV. Note that the adsorption strength also depends on 

the preferred adsorption site, as discussed below, and in fact, this could explain why the adsorption 

energy value of Pd is lower than that of other d10 elements.  

It should be noted from Table 1 and Figure 2a that there is an upper cut-off value of −0.48 

eV for )*+,, which prevents transition metal atoms from having an even weaker adsorption. This 

upper cut-off value is a consequence of the relatively strong dispersion interactions between the 

encapsulated metal atoms and the surrounding framework O atoms. In fact, the 12 TM atoms with 

weaker adsorption strength have )*+, values within −0.48 eV and −0.64 eV and, as it will be 

discussed below, all of them are located in the center of the zeolite 10-MR channels. Therefore, even 

if the metal atoms hardly interact with the zeolite (i.e., they are located far away from the zeolite 

walls), the dispersion interactions with all the neighboring O atoms imply that the )*+, will be at 

least −0.48 eV. This is not the case for small gas-phase molecules physisorbed on metal surfaces, 

whose adsorption energies typically range from −0.05 eV to −0.30 eV48, or single TM atoms 

supported on graphene. In fact, almost all of those 12 TM atoms above mentioned display )*+, 

values between −0.21 eV to −0.50 eV when supported on graphene,47 due to the weaker dispersion 

interactions between the TM atoms and the graphene layers compared to the S-1 framework. The 

inclusion of the dispersion interactions is therefore crucial to obtain a meaningful representation of 

TM@zeolite systems. Nevertheless, the fact that TM−support dispersion interactions are stronger in 

S-1 than in graphene does not mean that )*+, values for all TMs are larger on the former. Graphene 

layers are more electronegative than the zeolite framework which, for many TMs, prompt a higher 

charge transfer from the TM atom to the support, leading to adsorption energies up to −2.48 eV for 

Zr (see Figure S2 in the Supporting Information). In fact, the average adsorption energy of the full 

set of 3d, 4d, and 5d TM@S-1 is lower to that of TM@graphene systems, with values of −0.88 eV 

and −1.27 eV, respectively.47  

The calculated adsorption energies can be compared with the bulk cohesive energies ()9:;) 

obtained at the same level of theory,49 which are a measure of the strength of the chemical bonding 

within the metals, and that can be calculated as: 

 )9:; = 	
)<=>?
@

− )./ (2) 
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where )<=>? is the energy of the bulk unit cell containing @ atoms. Within this definition, strong 

chemical bonding within the bulk implies large negative values of )9:;. The cohesive energy for all 

TMs except for Hg is always stronger (i.e., more negative) than their corresponding )*+, on the 

zeolite, meaning that the metal−metal bond strength is larger than metal−zeolite one. Therefore, the 

formation of small clusters or larger nanoparticles is energetically preferred. However, as above-

mentioned, zeolite channels can effectively suppress the aggregation of the metal particles due to the 

presence of large kinetic barriers,19 and several isolated metal atoms have been successfully 

encapsulated within zeolites during the last few years, featuring high stability.31,32,33,34 The difference 

between |)9:;| and |)*+,| is generally used as a descriptor of the metal aggregate coarsening.50 In 

the case of single-atoms, large |)9:;| − |)*+,| values indicate that the aggregation of encapsulated 

atoms to form metal clusters will be likely because atoms can easily diffuse to join other bigger 

particles. On the other hand, for small |)9:;| − |)*+,| values the isolated metal atoms will be much 

stable. Note that diffusion energy barriers will also play a dominant role in the resistance of TM@S-

1 SACs against aggregation or sintering. However, due to the 3D-nature of the zeolite and the big 

variety of adsorption sites, calculating diffusion energy barriers for all TMs along the zeolite walls 

and channels is out of the scope of the present work. As shown by the volcano-like shape of Figure 

2b, TMs of group 12 encapsulated on S-1 should be very stable, and in general TM@S-1 SACs of 

groups 3, 10, 11 and 12 should exhibit more resistance against sintering than those TMs belonging to 

groups 4-9.  

Regarding the location of the isolated TMs on S-1, there are 9 distinct preferred adsorption 

sites for the 29 TM studied, which are shown in Figure 3. Of these 9 sites, 4 of them correspond to 

only one TM, while the remaining 5 correspond to more than one (i.e., between 2 to 10). Table 1 

shows that TM atoms prefer, in general terms, to adsorb in the center of the S-1 channels and thus, 

far away from the zeolite framework atoms (i.e., at a distance of at least 2.63 Å of the nearest O 

atom). Among all the possible positions along the (infinite) straight or zigzag channels, only 4 

specific adsorption sites are preferred by these TM adatoms, denoted as Channel X (X = A, B, C or 

D). Channel A site, which is located at the intersection between the non-pentagonal 5-MR channels 

in the [010] direction and the zigzag 10-MR channels in the [100] direction, is the preferred 

adsorption site for Cr, Mn, Zn, Zr, Mo, Cd, Ta, W, Re and Hg, with a mean distance of 3.70 Å to the 

nearest S-1 framework atom, thus showing very low vibrational frequency values (Table S2 in the 

Supporting Information). Note that this site is the most popular among all, as shown in Figure 3. The 

next preferred channel site is Channel B, which is located at the intersection between the 6-MR 

channels in the [010] direction and the zigzag 10-MR channels in the [100] direction (Figure 3). This 



 8 

site has a mean distance of 3.23 Å to the nearest zeolite atom, and corresponds to the most stable site 

for Ti, V, Fe, Co, and Cu, all of which belonging to Period IV. On the other hand, Channel C is the 

most stable adsorption site for Ag and Au. This site is located at the intersection between the 

pentagonal 5-MR channels in the [010] direction and the zigzag 10-MR channels in the [100] 

direction (Figure 3) and is found at a mean distance of 3.39 Å to the nearest S-1 framework atom. 

Finally, Nb is the only TM that prefers Channel D site, which is located at the intersection between 

the two 10-MR channels in the [100] and [010] directions (Figure 3). This site is located 2.63 Å from 

the nearest zeolite atom. Obviously, none of the atoms adsorbed to any of these channel sites cause 

crystal lattice defects. Taking a deeper look at both )*+, and most stable sites, Table 1 shows that the 

18 TM atoms adsorbed in these Channel X sites exhibit, in general, lower adsorption energies 

compared to the TM atoms that are adsorbed directly on the walls of the zeolite. The only exceptions 

to this rule are V and W, which display values of −1.36 eV and −1.12 eV, respectively. 

Interestingly, all group 5, 6, 7, 11 and 12 TMs are located within these Channel X sites, far from the 

zeolite walls.  

The remaining 11 TM atoms prefer to adsorb closer to the zeolite framework, interacting 

directly with 2−4 O atoms. For instance, all the group 3 TM (i.e., Sc, Y and La) and Hf atoms prefer 

to adsorb in the middle of the quadrilaterals formed by two O16 and two O25 atoms, namely the 

O16(×2)−O25(×2) site, see Figure 3. Unlike the TM atoms that are adsorbed on the center of the 

channels, these atoms cause crystal lattice defects on the S-1 framework. For instance, in the case of 

Sc, the T7−O18−T7 angle changes from 143.5º to 91.9º, bringing the two T7 Si atoms closer (i.e., 

from 3.09 Å to 2.43 Å). For the bigger Y, La and Hf atoms, the crystal lattice defects are more 

pronounced, and the T11−O25 bond is broken to give rise to a new T11−TM−O25 bond. On the 

other hand, all the group 10 TM (i.e., Ni, Pd and Pt) and Ru atoms are found inside the 6-MR 

channels, but directly interacting with a pair of O18 and O23 atoms, namely the O18−O23 site. 

These atoms only cause minor defects on the crystal lattice, modifying the O18−O23 distance (i.e., 

from 4.10 Å to 3.86 Å, 4.23 Å, 4.13 Å, and 4.21 Å for Ni, Pd, Pt, and Rh, respectively). In fact, it has 

been shown experimentally that the encapsulation of ultra-small Pd clusters in S-1 does not break nor 

modifies the zeolite framework.38 The last three TM (i.e., Rh, Os, and Ir) occupy special sites in S-1 

zeolite. Rh atoms are located within the 5-MR channels, specifically in the middle of the 

quadrilaterals formed by O8, O11, O18 and O26 atoms, namely the O8−O11−O18−O26 site, 

without causing any crystal lattice defect. This fact is in perfect agreement with the very recently 

experimental work by Sun et al.,33 which revealed for the first time the location of single Rh atoms 

on S-1 and determined that they are stabilized by the zeolite framework oxygens. Os atoms are found 
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close to the O16(×2)−O25(×2) site, but they only interact with one O16, one O25 and one O26 

atom, thus occupying the O16−O25−O26 site. Os is the atom causing the most pronounced crystal 

lattice defect, since it causes one of the O25 atoms of the zeolite to move almost 2 Å from its original 

position, also distorting the position of the other neighboring bonds. Finally, Ir atoms are in the walls 

of the 10 MR channels, connected to a pair of O17 atoms (Figure 3). They cause an elongation of the 

distance between the two O17 atoms from 3.30 Å to 3.92 Å, and a distortion of the T7−O18−T7 

angle from 143.5º to 106.0º. Note that, in all cases, the zeolite framework atom closest to the TM 

atom is always an oxygen atom. 

Finally, electronic and magnetic properties are analyzed. The net Bader charges, representing 

the oxidation state of the supported TM atoms in the S-1 zeolite, are plotted in Figure 4a. Apart from 

Pt, all TM atoms transfer electron density to the S-1 framework. However, this charge transfer 

decreases along the B series. This behaviour can be explained based on Pauling’s electronegative 

character of atoms, which decay when going along a period. Therefore, all TM atoms C-dope S-1, 

except for the special case of Pt, whose high electronegativity prompts a zeolite → Pt charge transfer, 

and consequently, a E-doping of S-1. In general, the net charges of TM atoms are lower than 0.33 F. 

Only 6 TM atoms display a high oxidation state (i.e., between 1.37 and 1.53); these are Sc, Y, La, 

Hf, Os, and Ir atoms. Note that the )*+, of all these atoms is relatively high, and all of them interact 

directly with the S-1 framework atoms, causing crystal lattice defects. Interestingly, the charged 

atoms are thought to have stronger resistance against sintering, since the coulombic repulsion 

between two neighboring charged atoms would go against the dimer formation. 

Due to the low charge transfer between most of the TM atoms and the zeolite, there are no 

variations in their local magnetic moments after adsorption (i.e., ∆7 = 0). However, in some cases, 

the charge transfer leads to a variation of 7./. For instance, the Ti atom ([Ar]4s23d2) donates one 

spin-down G electron to S-1, and the remaining 3 valence electrons occupy spin-up orbitals. 

Meanwhile, about one electron back-donates from S-1 to Ti on the spin-up channel; thus, the net 

magnetic moment of Ti atom is increased by around 2 7H. The same occurs with Zr, V, and W 

atoms. Similarly, Ru ([Kr]4d75s1) transfers one spin-up electron to the zeolite, and about one electron 

back-donates from the zeolite to Ru on the spin-down channel, leading to a decrease of its local 

magnetic moment by 2 7H. This situation is also experienced by Rh, Pt, and Ni atoms. The 

competition between such ionization and a back-donation process has been previously explained for 

TM atoms on graphene.51 On the other hand, in the case of Os and Ir atoms ([Xe]4f145d66s2 and 

[Xe]4f145d76s2, respectively), two unpaired spin-up valence electrons are transferred to S-1, 

decreasing their total magnetic moment by 2 7H. A particular case is found for group 3 TMs (i.e. Sc, 
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Y, and La). As shown in Figure 4, there is a pronounced charge transfer from these metal atoms to 

the S-1 framework but resulting in no variation of their 7./. Here, the TM → zeolite charge transfer 

implies that the two transferred electrons have opposite spin components. 

 

CONCLUSIONS 

 

SACs have been emerging as one of the most active new frontiers in heterogeneous catalysis 

because of their unique catalytic properties and maximum atom utilization efficiency. Encapsulation 

of TM atoms on microporous zeolites constitutes a very attractive way to prepare very promising and 

tuneable SACs with remarkable resistance against sintering, since zeolite channels can effectively 

suppress the aggregation of the metal particles. Although significant efforts have been made to 

synthesize and study zeolite-supported SACs, only a few TM atoms have been tested. Moreover, the 

determination of precise locations of single metal atoms within the zeolite matrix remains a 

nontrivial task. Here, we provide a thorough DFT study of the energetic, structural, magnetic, and 

electronic properties for the full sets of 3d, 4d, and 5d TM adatoms adsorbed on MFI-type Silicalite-

1 zeolite, namely TM@S-1.  

Adsorption energies range from −0.48 eV (Cu and Zn) to −1.67 eV (Pt). The weakest 

adsorption is found for group 11 and 12 TMs, which have a full occupancy of d orbitals (i.e., d10 

electronic configuration), thus stabilizing the isolated atom. A similar behavior is found for TMs of 

groups 6 and 7, which have a semi occupancy of d orbitals. The cohesive energy for all TMs except 

for Hg is always stronger than their corresponding adsorption energy on the zeolite, meaning that the 

formation of small clusters or larger nanoparticles is thermodynamically preferred, although it should 

be kinetically impeded. Our results show that, from an energetic point of view, TM@S-1 SACs of 

groups 3, 10, 11 and 12 should have more resistance against sintering than metal atoms belonging to 

groups 4-9. 

All TM atoms of groups 4, 5, 6, 7, 11 and 12 (except Hf), as well as Fe and Co, prefer to 

adsorb in the center of the S-1 channels and thus, far away from the zeolite walls, typically at 

distances higher than 3 Å. Interestingly, among all the possible positions along the (infinite) straight 

or zigzag channels, only 4 specific adsorption sites are preferred by these TM adatoms. On the other 

hand, all remaining TM atoms prefer to interact directly with the zeolite framework atoms, leading, 

in general, to higher adsorption energies, increased charge transfer, and causing from slight to severe 

crystal lattice defects. All TMs are found to C-dope S-1, except for Pt, which E-dopes S-1. The 

charge transfer decreases along a period due to the increase of TM electronegative character. In 
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general, there is no variation of the TM magnetic moment upon adsorption. However, for some 

cases, the local magnetic moment can be increased or decreased by up to 2 7H due to TM electron 

transfer to the zeolite and subsequent back-donation.  

The behavioral trends gained from these calculations provide a solid theoretical background 

from which observed experimental features can be interpreted, understood, and discussed. Moreover, 

the lowest energy structures for the full set of TM@S-1 have been uploaded to an open online 

repository. Thus, the outcome of this work will hopefully motivate further catalytic studies on these 

systems.  
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Figure 1. Optimized structure of Silicalite-1 (S-1) zeolite from three different orientations and 

location of the different channels. Si atoms are represented by yellow spheres and O atoms by red 

spheres. For a deeper description of the structure the reader is referred to Fig. S1 in the Supporting 

Information (SI). 

 
 

 

 



 14 

Table 1. Calculated Adsorption Energy (!"#$), Distance to the Nearest Framework Atom (%&'⋯)*+), Net Charge (,), Overall Local Magnetic 

Moment of the Adsorbed Metal Atom (-&'@)*+), and Variation of the Magnetic Moment (∆-) with Respect to the Isolated Metal Atom Values 

(-&') in the Most Stable Adsorption Site for All the 29 TM Atoms Encapsulated within the S-1 Zeolite (TM@S-1). 

 
TM Site 0123 (eV) 245⋯6*7 (Å) 8 (e) 9:;@<−1 (9?) 9:;	(9?) ∆9 (9?) 

Sc O16(×2)−O25(×2) -1.03 2.12 (O16), 2.15 (O16), 2.46 (O25), 2.45 (O25) 1.37 1.00 1 0.00 

Ti Channel B -0.92 >3.00 0.33 3.81 2 1.81 

V Channel B -1.36 >3.37 0.22 4.98 3 1.98 

Cr Channel A -0.49 >3.66 0.11 6.00 6 0.00 

Mn Channel A -0.61 >3.72 0.13 5.00 5 0.00 

Fe Channel B -0.60 >3.52 0.13 4.00 4 0.00 

Co Channel B -0.62 >3.05 0.11 3.00 3 0.00 

Ni O18−O23 -1.28 1.92 (O18), 1.94 (O23) 0.18 0.00 2 -2.00 

Cu Channel B -0.48 >3.20 0.07 1.00 1 0.00 

Zn Channel A -0.48 >3.69 0.06 0.00 0 0.00 

Y O16(×2)−O25(×2) -1.24 2.44 (O16), 2.63 (O16), 2.07 (O25), 2.52 (O25) 1.53 1.00 1 0.00 

Zr Channel A -0.90 >3.45 0.28 4.00 2 2.00 

Nb Channel D -0.73 2.63 (O21) 0.13 5.00 5 0.00 

Mo Channel A -0.62 >3.66 0.12 6.00 6 0.00 

Ru O18−O23 -0.65 2.13 (O18), 2.19 (O23) 0.15 2.00 4 -2.00 

Rh O8−O11−O18−O26 -1.03 2.43 (O8), 2.32 (O11), 2.71 (O18), 2.40 (O26) 0.07 1.00 3 -2.00 

Pd O18-O23 -1.01 2.55 (O18), 2.47 (O23) 0.04 0.00 0 0.00 

Ag Channel C -0.55 >3.41 0.08 1.00 1 0.00 

Cd Channel A -0.54 >3.79 0.07 0.00 0 0.00 

La O16(×2)−O25(×2) -1.57 2.56 (O16), 2.89 (O16), 2.00 (O25), 2.34 (O25) 1.45 1.00 1 0.00 

Hf O16(×2)−O25(×2) -1.27 2.30 (O16), 2.59 (O16), 2.14 (O25), 2.83 (O25) 1.45 2.00 2 0.00 
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Ta Channel A -0.71 >3.73 0.15 3.00 3 0.00 

W Channel A -1.12 >3.71 0.09 6.00 4 2.00 

Re Channel A -0.64 >3.80 0.09 5.00 5 0.00 

Os O16−O25−O26 -0.94 1.94 (O16), 2.81 (O25), 2.13 (O26) 1.50 2.00 4 -2.00 

Ir O17(×2) -1.27 1.92 (O17), 2.01 (O17) 1.42 1.00 3 -2.00 

Pt O18−O23 -1.67 2.07 (O18), 2.09 (O23) -0.05 0.00 2 -2.00 

Au Channel C -0.58 >3.37 0.03 1.00 1 0.00 

Hg Channel A -0.51 >3.79 0.03 0.00 0 0.00 

 

 

 

 

 

 

 

 



 16 

 
Figure 2. (a) Adsorption energy (!"#$) and (b) difference between !%&' and !"#$ absolute values for 

all the 29 TM atoms encapsulated within the S-1 zeolite (TM@S-1). 
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Figure 3. Position of the preferred adsorption sites for all the 29 TM atoms encapsulated within the 

S-1 zeolite (TM@S-1) and distribution of the preferred adsorption sites by elements on the periodic 

table. Si atoms are represented by yellow spheres and O atoms by red spheres. Some distinct O 

atoms are labelled.  
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Figure 4. (a) Bader charge (or oxidation state), (, (b) the overall local magnetic moment, )*+@-./, 

and (c) the variations on TM adatom magnetic moment due to the adsorption process, (∆)), for all 

the 29 TM atoms encapsulated within S-1 zeolite (TM@S-1). 
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Supporting Information 

S1. Position of all distinct 12 T and 26 O sites. 

 

Figure S1. Optimized structure of Silicalite-1 (S-1) zeolite and position of all distinct 12 T and 26 O 

sites. Si atoms are represented by yellow spheres and O atoms by red spheres. 

 

 

S2. Energy of isolated transition metals. 

 

Table S1. Atomic Energy for the Isolated 3d, 4d and 5d Transition Metals. 

Element 
Electronic 

configuration 

Energy 

(eV) 
Element 

Electronic 

configuration 

Energy 

(eV) 
Element 

Electronic 

configuration 

Energy 

(eV) 

Sc [Ar] 4s23d1 -2.224  Y [Kr] 5s24d1 -2.344  La [Xe] 6s25d1 -0.759  

Ti [Ar] 4s23d2 -2.546a  Zr [Kr] 5s24d2 -2.397  Hf [Xe] 6s25d2 -3.556  

V [Ar] 4s23d3 -3.167a  Nb [Kr] 5s14d4 -3.221  Ta [Xe] 6s25d3 -3.756  

Cr [Ar] 4s13d5 -5.612  Mo [Kr] 5s14d5 -4.611  W [Xe] 6s25d4 -4.167  

Mn [Ar] 4s23d5 -5.336  Tc [Kr] 5s14d6 - Re [Xe] 6s25d5 -4.614  

Fe [Ar] 4s23d6 -3.438  Ru [Kr] 5s14d7 -2.588  Os [Xe] 6s25d6 -2.917  

Co [Ar] 4s23d7 -1.995  Rh [Kr] 5s14d8 -1.742  Ir [Xe] 6s25d7 -1.632  

Ni [Ar] 4s23d8 -0.793  Pd [Kr] 4d10 -1.479  Pt [Xe] 6s15d9 -0.606  

Cu [Ar] 4s13d10 -0.246  Ag [Kr] 5s14d10 -0.345  Au [Xe] 6s15d10 -0.290  

Zn [Ar] 4s23d10 -0.167  Cd [Kr] 5s24d10 -0.172  Hg [Xe] 6s25d10 -0.126  
a PBE is not able to predict the correct ground state electron configuration for Ti and V. In the case of Ti, PBE 

predicts an electronic configuration of [Ar] 4s13d3 with an atomic energy of -2.664 eV. Similarly, in the case of 

V, PBE predicts an electronic configuration of [Ar] 4s13d4 with an atomic energy of -3.767 eV. The limitation 

of GGA to describe some isolated metal atoms correctly has been discussed elsewhere.1 

 



Supporting Information 

S3. Vibrational frequencies. 

 

Table S2. Calculated Vibrational Frequencies for the Adsorbed TM Atoms on S-1 Corresponding to 

Their Most Stable Adsorption Site. For Cd, Ta and Hg One or Two Imaginary Frequencies below 37 

cm-1 Have Been Found, Due to the Flatness of the PES for TM Atoms Located on the Center of the S-

1 Channels, with a Practically Null Interaction with Any of the Framework Channel Atoms.  

Element 

Vibrational 

frequencies 

(cm-1) 

Element 

Vibrational 

frequencies 

(cm-1) 

Element 

Vibrational 

frequencies 

(cm-1) 

Sc 303, 237, 140  Y 233, 177, 101  La 175, 125, 75 

Ti 91, 53, 40  Zr 38, 30, 23  Hf 167, 143, 90  

V 177, 55, 42  Nb 201, 38, 25  Ta 54, 39, 37i  

Cr 33, 23, 14  Mo 21, 17, 13  W 18, 15, 11  

Mn 39, 27, 10  Tc - Re 19, 17, 9  

Fe 52, 48, 37  Ru 183, 91, 82 Os 204, 195, 80  

Co 58, 42, 35  Rh 122, 105, 88  Ir 233, 183, 80 

Ni 257, 140, 113  Pd 116, 64, 35  Pt 168, 99, 74 

Cu 44, 42, 33  Ag 35, 22, 20  Au 26, 23, 15  

Zn 36, 35, 22  Cd 27, 5i, 19i Hg 27, 19, 11i  
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S4. Comparison with TM@graphene. 

 

Figure S2. Calculated PBE-D3 adsorption energies for TM adatoms supported on Silicalite-1 (black 

circles) and graphene (blue rhombus, taken from Ref. 2).  
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