
HAL Id: hal-03492291
https://hal.science/hal-03492291

Submitted on 22 Aug 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Interaction between transition metals (Co, Ni, and Cu)
systems and amorphous silica surfaces: A DFT

investigation
Saber Gueddida, Sébastien Lebègue, Michael Badawi

To cite this version:
Saber Gueddida, Sébastien Lebègue, Michael Badawi. Interaction between transition metals (Co, Ni,
and Cu) systems and amorphous silica surfaces: A DFT investigation. Applied Surface Science, 2020,
533, pp.147422 -. �10.1016/j.apsusc.2020.147422�. �hal-03492291�

https://hal.science/hal-03492291
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr
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aUniv. Lorraine, LPCT, CNRS UMR7019, F-54506 Vandoeuvre-Les-Nancy, France.

Abstract

Transition metals (Co, Ni, or Cu) systems supported on amorphous silica are promising ma-
terials for their unique surface chemical reactivity. Despite many investigations, the transi-
tion metal-support interactions for this type of materials are not yet well understood at the
molecular level. In this work, periodic density functional theory calculations, were performed
to investigate systematically the interaction between Co, Ni, or Cu species (monomers and
clusters) and amorphous silica surfaces with densities of 3.3 and 4.6 OH/nm2. It is shown
that the geometry, energetic stability, and magnetic properties of transition metal species
deposited on amorphous silica surfaces depend strongly of the number of M-O-Si groups
and, in few cases, of the number of M-OH-Si groups, with sometimes a strong effect on the
silica surface that induces a reorganization of the silanol groups. Among monomers, cobalt
is found to be the most stable on the silica surface while among clusters, the Ni cluster is the
most strongly adsorbed. The magnetic moments of the adsorbed transition metal clusters
on silica surface are found to be reduced with respect to their corresponding free clusters
for Co and Ni.

Keywords: DFT, silica, nanoparticles, clusters, single site, catalyst.

1. Introduction:

Transition metal based catalysts are of uttermost importance for many important chem-
ical processes, such as ethene polymerization [1, 2], dehydrogenation of alkanes [3, 4, 5, 6],
selective oxidation reactions [7, 8, 9], and hydrodeoxygenation (HDO) reaction [10, 11, 12,
13, 14, 15, 16, 17]. The most common supports are silica-based materials (silica and ze-
olites), alumina and titania due to their specific physico-chemical properties and also to
their abundance and relatively low price [18, 19, 20]. Due to its mechanical resistance,
high dielectric strength, and selectivity for chemical modification, amorphous silica(SBA-
15, MCM-41 and analogous formulations) stands as one of the most important support used
today [21, 22, 23, 24, 25]. In particular, amorphous silica materials containing Co, Ni, or

∗I am corresponding author
Email addresses: saber.gueddida@univ-lorraine.fr (Saber Gueddida ),

michael.badawi@univ-lorraine.fr (Michael Badawi )

Preprint submitted to Applied Surface Science July 15, 2020

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0169433220321796
Manuscript_b445d955d19d1cc4fb14fb6709ed90d8

https://www.editorialmanager.com/apsusc/viewRCResults.aspx?pdf=1&docID=176027&rev=1&fileID=3762265&msid=2cf59dd8-fef1-473f-9858-266a1c5ba9fe
https://www.editorialmanager.com/apsusc/viewRCResults.aspx?pdf=1&docID=176027&rev=1&fileID=3762265&msid=2cf59dd8-fef1-473f-9858-266a1c5ba9fe
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0169433220321796


Cu (as atomically dispersed or cluster-shaped) have a wide range of catalytic applications
implying reactions such as hydrogenation, hydrogenolysis, hydrodeoxygenation, various pro-
cess involved in expanding the energy resources, Fischer-Tropsh synthesis, reforming, and
water-gas-shift [26, 27, 28, 29].

The design of catalysts strongly depends on the type and size of the supported nanopar-
ticles, which outstandingly improve the catalytic activity and extend the catalyst life even
when small amounts are grafted. Recently, it has been shown experimentally that the use
of SBA-15 containing residual hydrophilic groups is efficient to control the size and localiza-
tion of Cu nanoparticles that could be extended to other mono- or bi- component transition
metal nanoparticles loaded on mesoporous silica, such as those based on Ni, Co, Fe, or Mn
[28]. The catalytic activity of Ni/SBA-15 materials in the hydrogenation reaction of cin-
namaldehyde is significantly increased when the very small nickel particles are located in
the silica intra-wall micropores, because the metal phase dispersion is high and the diffusion
of the reactants is facilitated in the mesopores of the support [29, 26, 27]. Also, cobalt
and nickel have shown a promoting effect on the activity of hydrotreating catalysts in the
hydrogenation and the isomerization of olefins [30, 31].

From a more fundamental point of view, transition metal nanoparticles can form monomers,
dimers, and clusters on silica. Several studies reported that transition metal nanoparticles
made of 13 atoms show a particularly large stability [32, 33, 34, 35]. Transition metal clusters
have experimentally been found to have a dominant structural characteristic of icosahedral
symmetry. The calculations of the bonds lengths and the binding energies of the free small
transition metal clusters show that the most stable structure is the icosahedral cluster with
n = 13 atoms. The determining factor of a high stability of this structure is the bond
symmetry, i.e., the presence of the maximum number of the nearest atoms [35]. Atoms in
the icosahedron geometry (13 atoms) have the maximum number of the nearest neighboring
atoms and the distance between the nearest atoms is the same. This “magic” cluster also
exhibits a high dynamic stability which is characterized by significant degeneracy of the vi-
bration amplitudes of the cluster. Most of earlier theoretical studies [36] were based only on
an icosahedral geometry, where it has been successfully applied to represent the interaction
between transition metal atoms (such as impact, surface, and boundary layer). On the other
hand, it has been shown experimentally that the transition metal nanoparticles (such as Ni)
of size reaching 11nm are observed on SBA-15, but the nanoparticles population is centered
at 4-5 nm, with an average nanoparticles size calculated at 5.1 nm [29, 26, 27, 28], which
corresponds to the size of the icosahedral geometry (13 atoms).

Computational studies can provide complementary informations not accessible by exper-
imental techniques [18, 23, 37, 38]. However, a realistic modeling of heterogenous catalysts
containing amorphous supports remains a challenge [39, 23]. To the best of our knowl-
edge, the interaction between the transition metal (Co, Ni, Cu) species and the amorphous
silica surfaces has not yet been studied by ab initio methods, which would be helpful to
optimize the formulation of catalytic nanomaterials. The aim of the present work is there-
fore to elucidate the different grafting modes and the electronic and magnetic properties of
different transition metal species (isolated monomers and clusters) on various amorphous
silica-surfaces.
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This paper is organized as follows: In the first section we briefly describe our calculation
methods, and in second section we present our results for the supported Co, Ni, and Cu
monomers and clusters on amorphous hydroxylated surfaces. We first describe the structural
properties of different grafting structures of different transition metals and then discuss their
electronic and magnetic properties. Finally, we offer our conclusions and perspectives.

2. Computational Details

The periodic spin polarized density functional theory (DFT) calculations reported in this
work were carried out using the Vienna Ab Initio Simulation Package (VASP) [40] using the
projector augmented wave method (PAW) [41]. The exchange and correlation potential was
accounted for within the generalized gradient approximation using the functional of Perdew,
Burk and Ernzerhof(GGA-PBE) [42]. The rotationally invariant PBE+U correction [43, 44]
was used in this work in order to properly describe the 3d states in transition metals (Co,
Ni, and Cu), which tends to be inaccurately represented in standard DFT-PBE. All the
systems containing d-metals Co, Ni, and Cu were calculated within the PBE+U approach
with the Hubbard parameters U and J equal to 3 eV and 0.9 eV, respectively. The weak
van der Waals interactions between transition metals and the silica surface were included
within the Grimme approximation (DFT-D2) [45], as implemented in VASP [46].

In this work, we have investigated the interaction between different transition metals
species and two amorphous silica surfaces which present silanol densities of 3.3 and 4.6
OH/nm2, respectively (denoted hereafter SiO2-3.3 and SiO2-4.6). These densities correspond
to those found in mesoporous silica experimental samples [47, 48, 49, 50, 51, 52]. The
considered surfaces have been constructed by Comas-Vives via the dehydroxylation of a fully
hydroxylated surface [53] using a periodic supercell containing 375 atoms for SiO2-3.3 and
384 atoms for SiO2-4.6. In all cases, we used more than 20 Å of vacuum in the z direction to
separate the periodically repeated slabs. The lattice parameters for these periodic structures
are a = b = 21.39 Å, c = 34.17 Å, and α = β = γ = 90◦ [53]. The transition metal clusters
have been modeled using 13 atoms [32, 33, 34, 35]. These structures show the most stable
atomic arrangement among small clusters of series of transition metals such as Co13, Ni13,
and Cu13, and adopt the D3d symmetry. The particular structural stability of the 13-atoms
cluster is observed also for other nanoparticles such as Fe13 [54], Ga13 [55] or Pt13 [56]. The
energy cutoff of the plane waves was set to 450 eV. For integration within the Brillouin
zone, only the Γ point was selected for all calculations due to the large size of the supercell.
The convergence criterion of the total energy differences was set to 10−6 eV. For geometry
optimization, the positions of the single transition metal atoms (M = Co, Ni, Cu) or all
the atoms of the M13 cluster and those of the first plane of the silica substrate (Si, O, and
H atoms) were relaxed while keeping the other planes fixed. The force criterion was set
to 0.03 eV/Å. A Bader charge analysis [57, 58] of M13/SiO2 calculated with PBE+U+D2
method has been applied to determine the charge transfer between the M13 clusters and the
amorphous silica surfaces. The Bader charge analysis was performed using the reconstructed
valence density in the PAW formulation [59] with a 180 × 180 × 280 density grid with a
charge transfer error estimated to be around ± 0.01 e−.
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3. Results and discussion

3.1. Supported transition metal monomers

(Co-B) (Ni-B) (Cu-B)

(Co-D) (Ni-D) (Cu-D)

Figure 1: The most stable structures of the supported single Co (left panels), Ni (middle panels), and Cu
(right panels) atoms on amorphous silica surface SiO2 with a silanol density equal to 4.6 OH/nm2 at top
(M-B cases) and bridge (M-D cases) positions, respectively: Co atoms in violet, Ni atoms in cyan, Cu atoms
in gold, Si atoms in blue, O atoms in brown and H atoms in white.

Before finding the most stable structures of M13/SiO2, different geometrical configura-
tions of supported transition metal monomers on silica surfaces were systematically investi-
gated within the PBE+U+D2 approximation. The single transition metal atom is adsorbed
on the silica-surface through its oxygen atoms by removing the corresponding hydrogen
atoms to allow the formation of M-O-Si bonds. The optimized structures show that the
transition metal atom is grafted at the top (mono-grafting, hereafter named M-A and M-B)
and the bridge (di-grafting, hereafter named M-C and M-D) positions and therefore one or
two M-O-Si groups are established, respectively (see Figure 1).

Table 1 shows the calculated M-O bond lengths for the most stable grafting structures
(top and bridge) of single transition metal atom on the SiO2-4.6 and the SiO2-3.3 silica
surfaces. For the top oxygen sites, the bond length of the most stable structure (M-B)
of Co/SiO2-4.6 is 1.85 Å, while for Ni/SiO2-4.6 and Cu/SiO2-4.6, are 1.83 Å and 1.84
Å, respectively. These distances are slightly reduced when the single transition metal is
adsorbed on the SiO2-3.3 surface. However, the most stable bridge grafted structure (M-D)
on SiO2-3.3 or SiO2-4.6 has M-O bond lengths in the range of 1.74-1.77 Å.
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Table 1: PBE+U+D2 calculated equilibrium distance dM−O (in Å) between the single transition metal
atom (Co, Ni, and Cu) and the silica-surface with a silanol density of 4.6 or 3.3 OH/nm2.

Structure M/SiO2-4.6 M/SiO2-3.3

Co Ni Cu Co Ni Cu

M-A 1.77 1.75 1.78 1.78 1.76 1.78
M-B 1.85 1.83 1.84 1.83 1.76 1.83

M-C 1.80-1.81 1.76-1.77 1.81-1.81 1.79-1.80 1.77-1.78 1.79-1.80
M-D 1.77-1.77 1.74-1.75 1.75-1.77 1.77-1.78 1.73-1.75 1.77-1.78

The single transition metal atom is grafted by dehydrogenation of surface silanols, fol-
lowing the reaction:

M + SiO2(H2)m →MSiO2(H2)m−n
2

+
n

2
×H2, (1)

where n is the number of hydrogens removed from the surface and varied between 1 and 2
for top and bridge positions, respectively, and m is the number of H2 of the silica-surface,
26 for SiO2-4.6 and 23 for SiO2-3.3. The adsorption energy ∆E is given by ∆E = Esys +
n
2
EH2 −Esurf −EM , where Esys is the total energy of the whole system (MSiO2(H2)m−n

2
),

Esurf and EM are that of the free silica-surface and the transition metallic atom (M =
[Co, Cu, Ni]), respectively, and EH2 is that of H2. The corresponding grafting energies are
reported in Table 2 of a supported single transition metal atom on the amorphous silica-
surfaces SiO2-4.6 and SiO2-3.3 for both top and bridge grafted structures. For Co/SiO2-4.6,
the calculated adsorption energies according to the reaction 1 are found to be -2.77 eV for
the most stable top-grafted structure (Co-B) and -3.18 eV for the bridging oxygen sites,
while for Co/SiO2-3.3, are slightly reduced to -2.57 eV and -3.13 eV, respectively. The most
stable configuration of the top and bridge modes of Ni/SiO2-4.6 are the structures Ni-B and
Ni-D with energy values of -2.24 eV and -2.42 eV, respectively, and -1.73 eV and -2.30 eV
for Ni/SiO2-3.3. However, for Cu/SiO2-4.6, the grafting energies are found to be -2.42 eV
and -1.09 eV for the most stable top and bridge-grafted structures, respectively, while for
Cu/SiO2-3.3, they are slightly reduced to -1.82 eV and -1.10 eV. Our calculations show that
the most stable structure is predicted to be the M-D bridge site for Co/SiO2 and Ni/SiO2

and the M-B top site for Cu/SiO2 system. The grafting energies of the supported transition
metal on amorphous silica surface are in the order ∆ECo/SiO2 (-3.18 eV) < ∆ENi/SiO2 (-2.42
eV) < ∆ECu/SiO2 (-2.03 eV), showing that cobalt atom interacts much more with the silica
surface than nickel and copper.

For the top adsorption structure, the magnetic moment of the isolated cobalt atom is
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Table 2: PBE+U+D2 calculated grafting energies (in eV) for an adsorbed single transition metal atom (Co,
Ni, and Cu) on amorphous silica surfaces SiO2-4.6 and SiO2-3.3 at top (structures: M-A and M-B) and
bridge (structures: M-C and M-D) positions.

Structure M/SiO2-4.6 M/SiO2-3.3

∆E Ion ∆E Ion

Co-A -1.86 Co3+ -1.90 Co3+

Co-B -2.77 Co3+ -2.57 Co3+

Co-C -2.51 Co2+ -2.39 Co2+

Co-D -3.18 Co2+ -3.13 Co2+

Ni-A -1.21 Ni2+ -1.23 Ni2+

Ni-B -2.24 Ni2+ -1.73 Ni2+

Ni-C -1.76 Ni3+ -1.62 Ni3+

Ni-D -2.42 Ni3+ -2.30 Ni3+

Cu-A -1.17 Cu2+ -1.20 Cu2+

Cu-B -2.03 Cu2+ -1.82 Cu2+

Cu-C -0.53 Cu+ -1.09 Cu+

Cu-D -1.09 Cu+ -1.10 Cu+

found to be 1.90 µB, and 2.60 µB for the bridging oxygen sites which correspond to the high-
spin magnetic moment of Co2+ and Co3+, respectively. For both cases, we found a small
positive magnetic moment induced on the oxygen atoms in direct contact with the cobalt
atom of 0.02 µB and [0.13, 0.13] µB, respectively. For Ni/SiO2, the magnetic moment of the
isolated nickel atom is found to be 0.95 µB and 1.56 µB grafted at top and bridge positions,
respectively, which correspond to Ni2+ and Ni3+ ions, while those induced on oxygen atoms
are 0.04 µB and [0.16,0.16] µB, respectively. However, the magnetic moment of Cu+ (top
grafting site) is zero, and that of Cu2+ (bridge grafting site), 0.50 µB. The induced magnetic
moments of the last configuration are found to be [0.18,0.19] µB.

To conclude, our results show the stabilization of the Co and the Ni single sites on
amorphous silica surfaces (SiO2-4.6 and SiO2-3.3) through both mono- and bridge grafting
modes compared to the copper one. The calculated grafting energies show that the supported
single cobalt atom is the most stable structure (Co-D structure). These results are in
agreement with the high resolution TEM images which provide direct evidence that small
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nanoparticles (< 2nm) of Ni and Co encapsulated inside the secondary pore network of SBA-
15 showing an excellent thermally stability up to 900◦C (oxidizing/reducing atmospheres)
[29, 26, 27]. However, the experimental results indicated that the mobility of the copper
species of such size (below 10 nm) makes them difficult to be stabilized on the surface of a
solid support such as silica [28]. In situ reduction XRD experiment confirms the maintaining
of low size nanoparticles even in metallic state, with a mean nanoparticles size evaluated in
the TEM images always at ∼ 2 nm. XPS analysis was performed to evaluate the effect of
the presence of the template of the final state of the transition metal on the material surface,
showing the formation of Co2+ ions on the material surface, in strong interaction with the
silica surface.

3.2. Adsorption of transition metal clusters

3.2.1. Structural properties

(Co13-A) (Co13-B) (Co13-C) (Co13-D)

(Ni13-A) (Ni13-B) (Ni13-C)

(Cu13-A) (Cu13-B) (Cu13-C) (Cu13-D)

Figure 2: The most stable structures (M13-A, M13-B, M13-C, and M13-D) of the supported transition metal
clusters (Co: upper, Ni: middle, and Cu: lower) on an amorphous silica surface having a silanol density of
4.6 OH/nm2.

Several geometrical optimizations were started from reasonable guesses with various ad-
sorption structures (mono- (M13-A), di- (M13-B), tri- (M13-C), and tetra-grafting (M13-D))
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on SiO2-3.3 and SiO2-4.6 surfaces, in order to investigate the interaction between the tran-
sition metal cluster (Co13, Ni13, and Cu13) and the amorphous silica-surface. It should be
mentioned that for the SiO2-3.3 surface, only the three first structures were investigated.
The most stable configurations of the optimized structures of different grafting modes (M13-
A, M13-B, M13-C, and M13-D) of the Co, Cu, and Ni clusters on the SiO2-4.6 surface are
depicted in Figure 2. The interaction between the cluster and the silanol groups occurs
by formation of M-O-Si bonds. However, in a few cases, nearby surface OH groups create
M-OH-Si bonds. Our results show that for the optimized structure of different grafting
modes, the interaction of the copper cluster to the silica surface have strongly influenced its
geometric structure and introduced a new organization of atoms and consequently changes
its symmetry, however, the effect is slightly lower on the clusters of Co and Ni and kept their
initial symmetry. For the structure M13-A, the optimized structure has 2 M-O-Si groups for
both Co and Ni systems and one group for Cu system and one M-OH-Si group is established
for each system. The M13-B cluster is connected to the silica surfaces through two M-O-
Si groups and one M-OH-Si group for cobalt system, four M-O-Si groups and 2 M-OH-Si
groups for copper system, and two groups of each bonding type for the nickel system. The
structure M13-C shows the formation of five M-O-Si groups for cobalt and copper systems
and six groups for the nickel system, and only one M-OH-Si group is established for the
copper system. For the structure M13-D, the optimized structure shows six M-O-Si groups
established for each system and two M-OH-Si groups for the cobalt system. In addition, in
a few cases, the optimized structure shows the formation of M-Si bond mainly observed for
the copper and the nickel systems.

Table S1 in the Supporting Information shows the calculated equilibrium distances of the
free and the adsorbed Co13, Ni13, and Cu13 clusters onto the SiO2-3.3 and SiO2-4.6 surfaces
(distances: dM−M , dM−O, dM−OH , and dM−Si) for the most stable grafting structures. For
the free M13 cluster, the Co-Co bond lengths are in the range of 2.40-2.69 Å and the averaged
Co-Co distance is found to be 2.54 Å, while the Ni-Ni distances are in the range of 2.26-2.63
Å and the averaged is found to be 2.42 Å. However, the bond lengths of the Cu13 cluster are
in the range of 2.34-3.19 Å and the averaged equilibrium distance is found to be 2.55 Å. For
the adsorbed cluster, according to the calculated equilibrium distances reported in Table
S1 in the Supporting Information, the Co-Co bond lengths of the cluster are significantly
influenced by the interaction with the surface: for the structures Co13-A, Co13-B, and Co13-
C, the Co-Co bond lengths are in the range of 2.31-2.84 Å, and for the structure Co13-D,
are in the range of 2.33-4.23 Å, and their averaged Co-Co distance are found to be 2.53 Å
and 2.63 Å, respectively. For Ni/SiO2, the Ni-Ni bond lengths are found in the range of
2.27-3.03 Å and the averaged distance is found to be 2.43 Å. However, for Cu/SiO2-4.6, the
Cu-Cu bond lengths of the cluster are strongly influenced by the interaction with the surface:
the Cu-Cu bond lengths are in the range of 2.31-5.53 Å, and 2.34-5.71 Å for Cu/SiO2-3.3.
The averaged Cu-Cu distance for the structures Cu13-A, Cu13-B, Cu13-C, and Cu13-D onto
SiO2-4.6 are found to be 2.84, 2.71, 2.78, 2.91 Å, respectively, and 2.90, 2.79, and 2.57 Å for
Cu13-A, Cu13-B, and Cu13-C onto SiO2-3.3 Å, respectively (see Table S1 in the Supporting
Information). For all cases, these distances are strongly influenced by the environment and
the number of M-O-Si and M-OH-Si groups and in few cases on the number M-Si bonds.
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The M-O bonds are in the range of 1.80-2.14 Å for Co/SiO2, 1.81-2.13 Å for Ni/SiO2, and
1.84-2.14 Å for Cu/SiO2. However, the M-OH bond lengths are found in the range of 2.10-
2.18 Å, 2.03-2.11 Å, and 2.04-2.16 Å for the supported Co, Ni, and Cu cluster on SiO2

surface, respectively. In a few cases, the M-Si bonds are found in the range of 1.84-1.85 Å
for Ni/SiO2, and 2.45-2.46 Å for Cu/SiO2.

3.2.2. Adsorption properties

The calculated adsorption energies of the most stable grafting structures of the transition
metal clusters M13 on the amorphous silica surfaces (SiO2-3.3 and SiO2-4.6) are summarized
in Table 3. The M13 cluster is grafted by dehydrogenation of surface silanols, following the
reaction:

M13 + SiO2(H2)m →M13SiO2(H2)m−n
2

+
n

2
×H2, (2)

where n is the number of hydrogens removed from the surface (between 1 and 4) and m is
the number of H2 of the silica-surface. The adsorption energy ∆E is given by ∆E = Esys +

Table 3: PBE+U+D2 calculated grafting energies (in eV) for all possible grafting structures (M13-A, M13-B,
M13-C, and M13-D) of different transition metal clusters (Co, Ni, and Cu) on the silica surfaces.

Model M13/SiO2-4.6 M13/SiO2-3.3

Co Ni Cu Co Ni Cu

M13-A1 -1.53 -1.37 -2.18 -1.90 -2.10 -2.27
M13-A2 -2.37 -2.69 -2.76 -2.35 -2.70 -2.64
M13-A3 -2.54 -3.15 -3.52 -2.58 -3.07 -3.22

M13-B1 -2.42 -2.95 -3.09 -2.89 -2.67 -1.67
M13-B2 -3.05 -3.88 -3.13 -4.10 -2.93 -2.92
M13-B3 -3.45 -4.26 -4.29 -8.68 -9.30 -7.77

M13-C1 -2.69 -3.44 -3.62 -3.73 -2.53 -3.44
M13-C2 -3.69 -4.10 -4.44 -4.33 -2.76 -3.88
M13-C3 -4.78 -5.69 -4.82 -4.64 -5.39 -4.31

M13-D -5.66 - -3.88 - - -

n
2
EH2−Esurf−Eclust, where Esys is the total energy of the whole system (M13SiO2(H2)m−n

2
),

Esurf and Eclust are that of the free silica-surface and the free transition metal cluster M13,
respectively, and EH2 is that of H2’s. The energies Esurf and Eclust are calculated using the
same cell as that of the system in order to minimize numerical errors. The calculated grafting
energies summarized in Table 3 show that all the transition metal cluster M13 are strongly
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bonded to the amorphous silica surfaces through their oxygen atoms. In addition, we found
that these energies depend strongly on the location of the cluster on the silica surface for all
metals. For Co13/SiO2 system, the grafting energies of the most stable grafting structures
(Co13-A, Co13-B, Co13-C, and Co13-D) on SiO2-4.6 are found to be -2.54, -3.45, -4.78, and
-5.66 eV, respectively, and on SiO2-3.3, -2.58, -8.68, and -4.64 eV for the structures Co13-A,
Co13-B, Co13-C, respectively. For Ni13/SiO2 system, the grafting energies are found to be
-3.15, -4.26, and -5.69 eV for the structures Ni13-A, Ni13-B, and Ni13-C on SiO2-4.6, while
those on SiO2-3.3 are found to be -3.07, -9.30, and -5.39 eV, respectively. However, the
grafting energies of the most stable structures (Cu13-A, Cu13-B, Cu13-C, and Cu13-D) on
SiO2-4.6 are found to be -3.52, -4.29, -4.82, and -3.88 eV, respectively, and on SiO2-3.3,
-3.22, -7.77, -4.31 eV for the structures Cu13-A, Cu13-B, and Cu13-C, respectively. The
resulting adsorption energies of the most adsorbed transition metal clusters show that the
adsorption of nickel cluster is more stronger than the cobalt than the copper ones. These
values suggest also that the grafting structure M13-B of all transition metal clusters on SiO2-
3.3 silica surface is the most stable. These particular configurations will be discussed in more
details at the end of this section. Contrary to the adsorbed single nanoparticles, our results
shown that the nickel clusters are more adsorbed than those of cobalt. However, the copper
clusters are still slightly less stable than the cobalt and nickel ones. Indeed, the magnetic
transition metal-silica interactions are mostly due to the strong hybridization between the
open M-d shell and O-p orbitals. On the other hand, the non magnetic interactions are
mostly due to the hybridization between the M-s and O-p orbitals.

A Bader analysis of the charge density has been performed for all considered systems,
in order to determine the charge transfer between the transition metal cluster M13 and the
silica surface. The charge transfer to an active site can significantly affect binding energies,
and therefore catalytic activity. This is directly related to the fraction of charged sites, which
evolves with the perimeter of the transition metal-support interface [60, 61]. The computed
charge transfer from the amorphous silica surface to the M13 cluster for the most stable
structures of each system are summarized in Table S2 in the Supporting Information. The
resulting charge transfer from both silica surfaces SiO2-4.6 or SiO2-3.3 to the M13 cluster
for the most stable structures always show that the cluster is negatively charged whatever
the metal. In all cases, a sizeable charge transfer from the silica surface SiO2-4.6 or SiO2-3.3
is observed for the most stable structures. For the Co13/SiO2 system, the charge transfer
from the SiO2-4.6 to the cluster of the most stable structures (Co13-A, Co13-B, Co13-C, and
Co13-D) are found to be 0.76, 1.28, 2.00 and 2.6 electrons, respectively, and from SiO2-3.3,
0.78, 2.34, and 1.96 electrons for the structures Co13-A, Co13-B, and Co13-C, respectively. A
charge transfer is also observed from the silica surface SiO2-4.6 to the nickel cluster of about
0.65, 1.27, and 1.89 electron for the structures Ni13-A, Ni13-B, and Ni13-C, respectively. For
Ni13/SiO2-3.3, the charge transfer from the surface to the cluster are found to be 0.59, 2.24,
and 1.92 electron for the structures Ni13-A, Ni13-B, and Ni13-C, respectively. However, for
the Cu13/SiO2 system, the charge transfer from the SiO2-4.6 to the cluster of the most stable
structures (Cu13-A, Cu13-B, Cu13-C, and Cu13-D) are found to be 0.62, 1.25, 1.95, and 2.53
electron, respectively, and from SiO2-3.3, 0.63, 2.03, and 1.90 electron for the structures
Cu13-A, Cu13-B, and Cu13-C, respectively. Our results show that the charge transfer to the
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nickel and the copper clusters for all the most stable structures are very similar and slightly
lower than that to the cobalt ones. These values depend strongly on the number of M-O-Si
and M-OH-Si groups for all transition metals. Significant influence of the surface on the
cluster atoms that depends on their positions relative to the surface where those in direct
contact with the oxygen atoms are the most affected and relatively more less for the closer
ones, while the farthest atoms from the surface are unaffected. However, a positive charge
is found on the central cluster atom for all cases.

Our calculations demonstrate a better stabilization of the 13-atoms nickel clusters com-
pared to the cobalt and the copper ones. This is confirmed by the experimental results
that highlight the improvement of catalytic activity of Ni/SBA-15 catalysts [29, 26, 27].
Our results confirm the good stability and reusability of Ni-based catalysts prepared by
Melt-Infiltration approach. The stabilization of 13-atoms nickel clusters on the silica surface
produce sintering-resistant materials indicating their higher reducibilities and increase their
catalytic activity, selectivity, and reusability [29, 26, 27].

3.2.3. Magnetic properties

Figure 3: (Color online) PBE+U+D2 calculated spin-polarized density of states (DOSs) of the free (solid red
curve) and the adsorbed (dashed blue curve) Co (upper), Ni (middle), and Cu (lower) clusters on SiO2-4.6
for different grafting structures. The Fermi level (EF ) is the zero of energy.

The spin-polarized density of states (DOSs) of the free and the adsorbed M13 cluster
on SiO2 surface for the most stable geometries considered are depicted in Figure 3. In all
cases, by comparing the DOSs of the free and the adsorbed transition metal cluster, we
found a broadening of all peaks due to the strong hybridization of the cluster with the
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silica-surface through a strong covalent bonding. A slight displacement of all peaks towards
higher energies is observed for the Co13/SiO2 and the Ni13/SiO2 structures. However, for
the Cu13/SiO2, the DOSs of the structure Cu13-D show a large displacement of all occu-
pied and unoccupied peaks towards the Fermi level due not only to the large number of
contacts with the surface but also to the reorganization of the cluster atoms. These have
also created a slight asymmetry between the spin-polarized peaks. The DOSs of Cu13-B
shows also a slight displacement of all peaks towards the lower energies and more less for
Cu13-A and Cu13-C. In order to get a more precise picture of the respective stabilities of

(Co13-A) (Co13-B) (Co13-C) (Co13-D)

(Ni13-A) (Ni13-B) (Ni13-C)

(Cu13-B) (Cu13-D)

Figure 4: Isosurface plot of the magnetization density of transition metal cluster (Co: upper panels, Ni:
middle panels, and Cu: lower panels) on amorphous silica surface (SiO2-4.6). The color red represents spin
up, and green represents spin down.

different grafting mode of the M13 cluster at the surface, we have analyzed the magnetic
properties of the free and the grafted cluster for all considered grafting sites. The isosur-
face plot of the magnetization density of the adsorbed Co13 (upper panels), Ni13 (middle
panels), and Cu13 (lower panels) clusters are shown in Figure 4. For all grafting struc-
tures of Co13/SiO2, a large positive magnetization density (red isosurface) is prominently
observed around the cobalt atoms, and more less is also seen for the most stable structures
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of Ni13/SiO2. However, for Cu13/SiO2, a small positive magnetization density seen around
some copper atoms is only observed for Cu13-B and Cu13-D. For all these cases, there is a
direct exchange between the transition metals in direct contact with the oxygen atoms due
mainly to the strong hybridization between the M-d and O-p orbitals. Therefore, a small
positive magnetization density has appeared on the direct contact oxygen atoms (M-O-Si),
illustrating the ferromagnetic coupling between the surface and the transition metal cluster.
For Co13/SiO2, the magnetic moments induced by the cobalt atoms on the contact oxygens
are in the range of 0.02-0.06 µB, and 0.01-0.04 µB for those induced by the nickel atoms.
For Cu13/SiO2 (Cu13-D), the small magnetic moments induced on the contact oxygens are
found to be 0.02 µB, 0.04 µB, and 0.04 µB. These values are smaller compared to those
induced by the cobalt and the nickel atoms. However, for the M-OH-Si groups, the magnetic
moment of the oxygen atoms is zero for all cases. Table S3 in the Supporting Information
shows the calculated magnetic moments of the transition metal atom of the free and the
adsorbed cluster onto the silica-surfaces (SiO2-3.3 and SiO2-4.6). For the free cluster, the
average cobalt, nickel, and copper magnetic moments are found to be 1.92, 0.72, and 0.03
µB, respectively. For Co13/SiO2-4.6, the average cobalt magnetic moment are found to be
1.99, 1.95, 1.81, and 1.88 µB for the grafted structures Co13-A, Co13-B, Co13-C, and Co13-D,
respectively, and for Co13/SiO2-3.3, 1.99, 1.88, and 1.91 for the structures Co13-A, Co13-B,
and Co13-C, respectively. The average nickel magnetic moment of the structures Ni13-A,
Ni13-B, and Ni13-C are found to be 0.75, 0.80, and 0.85 µB, respectively for Ni13/SiO2-4.6,
and 0.77, 0.91, and 0.84 for Ni13/SiO2-3.3. Our results shown that the total cobalt magnetic
moment is reduced by increasing the number of M-O-Si and M-OH-Si groups, while it is
increased for Ni13/SiO2, due probably to the M-d - O-p hybridization (the open Co-d shell
have 4 unpaired electrons, while only 2 for Ni). However, for Cu13/SiO2, the average copper
magnetic moment is found to be 0.03 and 0.05 µB for the structures Cu13-B, Cu13-D, and
zero for the other cases (closed Cu-d shell).

3.2.4. The most stable grafting model

For all transition metal models, our results show that the most stable structure (M13-B)
is found on the silica surface with a silanol density of 3.3 OH/nm2. The grafting energies
of this particular stable configuration are found to be -8.68 eV, -9.30 eV, and -7.77 eV for
the Co13, Ni13, and Cu13 clusters, respectively (see Table 3). For all cases, the adsorption of
the cluster has a strong effect on the silica surface: it has broken some Si-O-Si bonds and
therefore created new silanol sites. This leads to a reorganization of the silanol groups on
the silica surface and make possible to create an additional M-O-Si groups. The optimized
structures of this particular stable configuration of the grafted Co13 (left), Ni13 (middle), and
Cu13 (right) clusters are shown in Figure 5 (upper panels). For Co13/SiO2 and Ni13/SiO2,
the optimized structure shows the formation of 6 M-O-Si bonds, that were initially grafted
with only two M-O-Si groups. However, for Cu13/SiO2, due to the deformation of the cluster
after adsorption, the optimized structure shows that Cu13 make 6 Cu-O-Si and 2 Cu-Si bonds
with the silica surface. The Cu atom binds to the silica surface through direct coupling of the
singly occupied Si sp3 dangling bond and Cu 4s orbitals. The resulting bonding orbital has
substantial covalent character with distance value in the range of 2.45- 2.46 Å (see Table S1)
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(Co13-B) (Ni13-B) (Cu13-B)

Figure 5: Upper panels show the optimized structures of the most stable configuration of supported transition
metal clusters (Co: left, Ni: middle, and Cu: right) on SiO2-3.3 surface. The middle and the lower panels
show the corresponding magnetization density and the total DOSs, respectively.

in agreement with most of reported distance computed within different theoretical methods
[62, 63]. While the XAFS-derived Cu-Si distance is in the range of 2.6 to 3.5 Å [64]. This
leads to the reduction of its grafting energy (-7.77 eV) compared to those of the cobalt and
nickel systems. This effect is clearly observed on the spin-polarized density of states for all
metals shown in Figure 5 (lower panels). Our results show a broadening and displacement
of all occupied and unoccupied states (spin-up and spin-down) towards higher energies for
Co13/SiO2 and Ni13/SiO2 and to lower energies for Cu13/SiO2 system. A comparison between
the electronic levels of the partial DOSs of an interacted atom of the free and the adsorbed
Co, Ni, and Cu clusters on SiO2-3.3 for the most grafting structures (M13-B structures) are
shown in Figure S1 in the Supporting Information. For different clusters, the strong effect
of the silica surface appears clearly on the d-states (broadening and displacement of the
occupied and unoccupied states). This confirms the strong hybridization between the M-d
and O-p orbitals. This effect is observed also on the magnetic properties, where the total
magnetic moment is reduced from 25.03 µB to 24.44 µB for Co13/SiO2, while for Ni13/SiO2,
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is strongly increased from 9.42 µB to 11.80 µB, which are probably due to the number of
unpaired electrons of the open M-d shell (Co(3d6), Ni(3d8)). However, for Cu13/SiO2, the
total magnetic moment is found to be 0.36 µB compared to zero magnetic moment of all
atoms of the free cluster may be due to a slight hybridization between the closed Cu-d
shell and O-p orbitals. A large charge transfer from the silica surface to the cluster for all
transition metals is observed: from 0.76 to 2.34 electron for Co13/SiO2, from 0.65 to 2.24
electron for Ni13/SiO2, and for Cu13/SiO2 from 0.62 to 2.03 electron.

4. Conclusions

(Co, Ni, and Cu)@amorphous silica are attractive materials for a wide range of appli-
cations. However, little is known regarding the grafting modes of those transition metals
on the silica surfaces. Different geometrical configurations of supported transition metal
monomers and clusters on various amorphous silica surfaces at different locations were sys-
tematically investigated within the PBE+U+D2 approximation. For supported transition
metal monomers, our results show that the most stable structure is predicted to be the bridge
grafting mode for Co/SiO2 and Ni/SiO2 and the top site for Cu/SiO2 systems. Their graft-
ing energies are in the order ∆ ECo/SiO2 (-3.18 eV) < ∆ ENi/SiO2 (-2.42 eV) < ∆ ECu/SiO2

(-2.03 eV), showing that the supported single cobalt atom is the most stable structure. It
is shown that the geometry, energetic stability and magnetic properties of supported tran-
sition metal nanoclusters on silica surfaces depend strongly on the number of M-O-Si and
M-OH-Si bonds. Among the three types of M13 clusters considered, the strong distortion
is observed for adsorbed Cu13, where the Cu-Cu distance varies from 2.31 Å to 5.53 Å and
consequently strong reduction of the symmetry, as compared to that of the adsorbed Co13

and Ni13 on the silica surface. Contrary to the adsorbed single transition metal atoms, the
adsorption energies of the adsorbed clusters are in the order ∆ ENi/SiO2 (-9.30 eV) < ∆
ECo/SiO2 (-8.68 eV) < ∆ ECu/SiO2 (-7.77 eV), showing that adsorbed nickel clusters are the
most stable structure. The magnetic moements of the adsorbed Co13 clusters on amorphous
silica surface are found to be reduced with respect to their corresponding free clusters, while
it is increased for Ni13/SiO2 system. Our calculations show a large charge transfer from the
silica surface to the cluster for all transition metals of about 2 to 3 electrons. Our work
opens the path towards the investigation of adsorption or catalytic process using amorphous
silica.

Supporting Information

See Supporting Information for additional tables, including the calculated equilibrium
distance (in Å) dM−M , dM−O, dM−OH , and dM−Si and the magnetic moments of all atoms of
the free and the grafted transition metal (Co, Ni, and Cu) cluster on SiO2-4.6 or SiO2-3.3, the
computed charge transfer per atom (in e−) from both silica surfaces to different transition
metal cluster for the most stable grafting structures (M13-A, M13-B, M13-C, and M13-D)
using the PBE+U+D2 approximation, and the calculated partial spin-polarized density of
states of an interacted atom of the free and the adsorbed Co, Ni, and Cu clusters on SiO2-3.3
for the most grafting structures (M13-B structures).
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Highlights: 

• NP/silica catalysts are potentially active and selective for a large panel of applications.
• Grafting mechanisms of transition metal species (Co, Ni, Cu) under various forms on

amorphous silica surfaces.
• Transition metal clusters are strongly bonded to the surface through M-O-Si and M-

OH-Si bonds.
• A Large charge transfer due to the strong effect of the transition metal cluster on the

silica surface.
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