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Abstract

Silver nanoparticles (AgNPs) are widely used in health-care sector and industrial
applications because of their outstanding antibacterial activity. This bactericidal effect
is mainly attributed to the release of Ag™ ions in the aqueous medium, the first step of
which is the dissolution of the AgNP via the oxidation of its surface by Os. With the
aim of designing more durable and less toxic anti-bacterial devices, it is desirable to fine-

tune the rate of Ag™" release into the surrounding environment. This can be achieved
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by choosing an adequate coating of the AgNPs, e.g. by embedding the nanoparticles
in a silica matrix. In previous works [A. Pugliara et al., Sci Total Environ. (2016) 565,
863], we have shown that the toxic effect on algae photosynthesis of small AgNPs (size
< 20 nm) embedded in silica layers is preserved, provided that the distance between
the AgNPs and the silica free surface is below =~ 6-7 nm. A better control of the
Ag™ release rate in these systems requires a better understanding of the elementary
mechanisms at play concerning both the detachment of the Ag ions from the AgNPs
and their diffusion through SiO. A first step in this direction consists in characterizing
the interface between the AgNPs surface and the silica matrix. In this context, periodic
DFT calculations have been performed on model systems representing the interfaces
between amorphous silica and the three crystalline facets of AgNPs, i.e. Ag(111),
Ag(110) and Ag(100). Spontaneous breaking of Si-O bonds and formation of two O-Ag
and one Si-Ag bonds are observed in 50 % of the investigated interfaces, corresponding
to 1.8 bonds/nm? on average. The covalent nature of the bonds between Ag and O
and between Ag and Si is highlighted by the analysis of the electronic structure of the

interfaces.

Introduction

Silver as a disinfectant has been used since antiquity and, in the form of salt or of nano-
systems, has shown its effectiveness as an anti-bacterial agent, initially for the treatment of
wounds since the 1950’s.! In the form of nanoparticles, the toxicity of silver can come either
from the action of the nanoparticle as such,?? or from the action of Ag' ions released by
the nanoparticle,* the latter constituting a reservoir of these ions. In this case, the Ag* ions
release is due to the dissolution of the nanoparticle by oxidation of its surface.’® Several
molecules have been identified as binding to the Ag™ ion, known to interact non specifically
1

to a wide variety of organic moiety, leading to the Ag™ toxicity against bacteria,!'? algae,!

biofilms, '? aquatic species,'® and human cells. !4



Experimental results have shown that the release of Ag™ ions by AgNPs depends on
many factors that can accelerate it, slow it down or even stop it : surface coating, function-
alization, pH, temperature, dissolved oxygen concentration, NP size or the presence of other
ions.®%15:16 For example, it has been shown that the Ag™ release is very fast when AgNPs
are immersed in a liquid environment (water or physiological environment) but that this
release rate decreases significantly or even stops after a certain time.® This release cessation
is attributed to the presence of an oxide layer on the surface of the AgNPs that would inhibit
the release.®%8 In addition, it has been shown that the Ag* release also depends strongly
on the type of ligands that are used to stabilize the AgNPs.%1?

These limiting factors can be used to fine-tune the rate of Ag™ release into the surrounding
environment, so as to obtain more durable and less toxic anti-bacterial devices. By controlling
the release mechanism, one could imagine not only to tune the release rate, but also to control
the total dose of released Ag™' ions. This latter can be achieved by using different types of
coating. Indeed, an appropriate coverage should be able to slow down the release without
stopping it completely, which would allow the device to last longer.”! For instance, it has
been shown that Ag™ release is systematically slowed down by the binding of ligands at the
AgNP surface, such as thiol and citrate.!> On the contrary, release can be strongly enhanced
by the presence of HyO5 as an oxidator.!%!'” Another way of controlling the Ag™ release
consists in coating the AgNPs by a protective dielectric layer. Recently, several authors have
attempted this type of coating,'® either by manufacturing Ag@SiO, core-shell nanoparticles

11920 or chemical routes,?! by heat treating SiOs-Ag composite powders,?? by

by flame aeroso
dispersing AgNPs in a silica matrix by electrolysis of a pure Ag electrode,?® or by synthesizing
AgNPs embedded in a silica matrix by ion beam implantation or combining sputtering and
plasma polymerization.?* Results obtained on the performance of the silica layer regarding
the control of the Ag™ release show that it strongly depends on the nature of the silica

matrix (composition, structure, defects ...). Besides, in the case of dense silica layers, it has

been shown that beyond a given thickness of silica between the particle and the medium,



the Ag" release decreases or even stops.'%?* These studies have reported different values
for the ”threshold” thickness at which there is no further release. Indeed, in the case of
dry-coated Ag@SiO, nanoparticles, the absence of release seems to occur from a thickness of
3-4 nm'® whereas in the case of AgNPs embedded in a silica matrix, it occurs for a distance
of 6-7 nm between the AgNP and the silica external surface.?* Fig. 1(a) is a typical bright
field cross-sectional transmission electron microscopy (TEM) image of AgNPs formed by low
energy ion implantation in thermal silica, such as the ones studied in Ref.?* The AgNPs are
small, with size less than 10 nm and located at nanometer distance from the silica surface.
Some of them are twinned® and all are faceted (Fig. 1(b)), as it will be commented later.

These results raise fundamental questions that are important to address if one wants to
be able to adjust more finely the release of Ag™ ions by this type of coating. First of all,
how does the silica nature (hydrated, mesoporous, thermal...) influence the Ag® release?
What is the nature of the interface between silica and the AgNPs? What is the detachment
mechanism of the Ag atoms from the nanoparticle when they are protected by a silica shell?
Why does the release no longer take place when the silica layer reaches a specific thickness?

To answer these questions, it is first necessary to characterize the nature of the interface
between amorphous silica and the AgNPs. Obviously this interface strongly depends on the
shape and size of the AgNPs, on the way the silica coating was experimentally realized and,
consequently, on the nature of the silica layer. In the present paper, we have chosen to study
the simplest case of an interface between the crystalline facets of the AgNP and a dense
and dry silica layer. This is expected to correspond to our previous experimental study on
AgNPs embedded in a silica matrix.?*

Theoretically, the interface between amorphous silica and a metal has already been inves-
tigated, especially in the case of Pt where bonds are formed spontaneously at the SiO,/Pt
interface.?62” At the surface of amorphous silica, Si-O dangling bonds are passivated by
silanol groups (Si-O-H). In some cases, these Si-O-H groups are replaced by Si-O-M, M

being the metal considered.?® The reactivity of the silica surface towards metals depends



strongly on the type of metal and in particular on the strength of Si-M bonds and the ability
of the metal to make silicides. In the case of AgNPs implanted in a silica matrix, even if
water enters the silica just after the implantation process, it is most likely that the annealing
carried out after implantation will lead to the total or partial evacuation of this water.?’ Fig.
1(a) presents the scheme of the synthesis of AgNPs by Ultra-Low Energy Ion Implantation
of Ag™ in thermal silica on top of a Si substrate. The low energy range allows the formation
of a 2D array of AgNPs at nanometer distance from the SiO, free surface (Fig.1(b)) . In
our previous experiments,?* the samples were further annealed under Ny atmosphere at a
temperature of 500 C for damage recovering and it has been shown that thermal treatment
of silica surface leads to a partial dehydroxilation of the surface for temperatures above 400
°C and to a complete one for temperatures as high as 1000 °C3°3! 4+ REF . In addition,
the effect of temperature during the annealing should lead to a higher reactivity of the silica
surface towards the metallic nanoparticles. It is therefore most likely that direct chemical
bonding between the AgNP surfaces and the silica matrix could exist.

In this context, we have undertaken Density Functional Theory (DFT) studies of the
interfaces between amorphous silica and the main facets of AgNPs. These latter were chosen
based on the AgNP morphology determined using High Resolution Transmission Electron
Microscopy (HRTEM). Fig. 1(c) shows a HRTEM image of an individual AgNP of 6 nm
diameter projected along the < 110 > orientation, representative of the AgNP population.
The measured interplanar distances and angles are characteristics of the face centred cubic
(FCC) Ag structure and the NP shows 4 (111) and 2 (100) facets, characteristics of the
truncated-octahedron equilibrium shape (Fig. 1(d)).*? Small (110) facets could also be
present in truncated octahedron morphology but are difficult to assess experimentally in
HRTEM images for such small sizes. Based on these observations, we decided to consider
the three Ag(111), Ag(110) and Ag(100) facets for the silver/silica interface modeling. Note
that in Ref.,3 the comparison between calculated vibration density of states (VDOS) and

the one extracted from plasmon resonance Raman scattering* shows best agreement for the



icosahedral morphology. Nevertheless, this theoretical model was based on an ideal isolated
structure in vacuum, far from the experimental assembly of matrix embedded and size-
distributed AgNPs. In particular, it does not take into account effects of surface disorder,
binding heterogeneities and very local strain, which may have an impact on the VDOS. Even
if large icosahedral AgNPs can be produced by deposition techniques as gas aggregation
sources,® their existence is ascribed to the formation of metastable structures, grown under

conditions dominated by kinetic factors.

Agt 0.6 keV-20 keV
1018-1018 ¢ -2

Figure 1: (a) Scheme of the synthesis of AgNPs by Ultra-Low Energy Ion Implantation of
Ag™ in thermal silica on top of a Si substrate; (b) typical bright field cross-sectional TEM
image of AgNPs formed by low energy ion implantation in thermal silica as the ones studied
in reference;?* (¢) HRTEM image of an individual NC of 6 nm diameter projected along
the < 110 > orientation, representative of the NC population; (d) truncated-octahedron
morphology as obtained from the Wulff construction using the PBE-D3 surface energies (see
Tab. 77).

In this paper, we first present how the interfaces between the different AgNP facets and

amorphous silica were built, then we focus on describing their structure in detail. We show



that interface reconstructions leading to the breaking of Si-O bonds and the formation of
Ag-O and Ag-Si bonds occur spontaneously at 0K, regardless of the type of silver facet facing
silica. These reconstructions are then analyzed in terms of their electronic properties. A
discussion is then conducted, leading to the hypothesis that the spontaneous formation of
interface bonds could initiate silver ion detachment when nanoparticles are implanted in a

silica matrix.

Computational details

The atomistic properties of the Ag/SiO, interface have been investigated by means of elec-
tronic structure calculations in the DFT framework. This choice was dictated by the desire
to make no preliminary assumption (or hypothesis) as to the type of interaction that could
exist between the Ag surfaces and the amorphous silica. We have also added dispersion
forces, which are not taken into account in standard DFT. Calculations were carried out
with the VASP code under periodic boundary conditions using PAW pseudopotentials.36-37
The exchange and correlation functionals together with some of the available dispersion in-
teractions have been first tested on a silica crystalline polymorph, the cristobalite, and on

the Ag bulk and surfaces. Results of these calculations were used to choose the functional

for the Ag/SiO, interface simulations.

Si0,

The following exchange and correlation functionals and dispersion interactions have been
tested on the structural properties of bulk a-cristobalite, a silica polymorph which den-
sity is close to the amorphous silica density (2.2 g.cm™3): The GGA functionals PBE*®
and PBEsol,? the empirically dispersion-corrected functionals PBE-D2,%° PBE-D3*' and
PBEsol-D2 and the non-local dispersion-corrected optB86b functional.*?> The results are

presented in Tab. 1 for an orthogonal cell of 12 atoms. For these calculations, a cutoff



energy of 750 eV and a Monkhorst-Pack k-points grid of 4x4x2 were necessary to converge

the total energy within an accuracy of 1 meV /atom.

Table 1: Structural characteristics of alpha-cristobalite (lattice parameter and Si-O bond
distances in A and Si-O-Si angles in degrees) and of fcc Ag bulk (lattice parameter in A) and
surface (surface energies v in J/m? and first interlayer distance variations with respect to
the bulk ones Adjs in %), as obtained using different exchange and correlation functionals
and dispersion forces.

SiO, | PBE PBE-D2 PBE-D3 PBEsol PBEsol-D2 optB86b Exp.
a 5109  5.004 4.993 5.070 4.890 4.930 4.957%
4.9724
c 7.155  6.951 6.915 7.081 6.717 6.801 6.89043
6.9224
a/c 0.714  0.720 0.722 0.716 0.728 0.725 0.719%
0.718%
dsio | 1.624  1.627 1.625 1.619 1.627 1.626  1.602/1.6174
1.602/1.60344
Si0Si | 151.0  143.9 143.2 149.4 138.0 139.7 144.743
146.5%
Ag PBE PBE-D2 PBE-D3 PBEsol PBEsol-D2 optB86b Exp.
a 4.164  4.154 4.093 4.072 4.032 4.108 4.085%
Y100 0.814 - 1.378 - - 1.164 1.346
AdP | -2.05 - +0.70 - - +1.49 0.041.5%
Y110 0.876 - 1.458 - - 1.230 -
AdlO | 8.50 - -4.54 - - -7.11 -7.842.547
11 0.741 - 1.345 - - 1.088 1.20/1.254
Adlt | -0.36 - +1.00 - - -0.25 0.0/-2.546:48

Taking into account the results reported in Tab. 1, we conclude that the dispersion-
corrected PBE-D3 functional*! is the one reproducing the best the lattice parameters and
the bond lengths and angles of cristobalite. It is interesting to note, however, that none of
these functionals are able to describe properly the Si-O bond length with a great accuracy
(between +1.1 % and +1.6 % with respect to 1.602 A). This is in line with a recent study
on the effect of dispersion interactions on the structural and energetic properties of silica

polymorphs. 4?



Ag bulk and surface

The same exchange and correlation energy functionals were also tested on bulk Ag lattice
parameter for the fcc cell containing 4 atoms and the results are presented in Tab. 1. For
these calculations, the cutoff energy was set to 450 eV, the Monkhorst-Pack k-points grid
to 18x18x18 and we used a Methfessel-Paxton electron occupation function with a smearing
parameter of 0.1 eV.

Three functionals reproduce the Ag experimental parameter with a great accuracy (less
than 1%): PBE-D3 (+0.20%), PBEsol (-0.32 %) and optB86b (+0.56 %). Since we wish to
work with the best functionals for both systems, SiOy and Ag, we selected the PBE-D3 and
optB86b functionals to test the surface properties of Ag, namely the surface energy and the
first interlayer distance variation with respect to the bulk. The calculated values using these
2 functionals as well as the PBE one for comparison are given in Tab. 1.

The PBE-D3 functional gives calculated surface energies close to the experimental values
for the (100) and (111) surfaces. The surface energies have been obtained using slabs of M
layers perpendicular to the investigated Ag(hkl) crystalline facet. The corresponding surface

energy Y is then computed using:

Eslab(hkl) = NAgEat + 2fyhkl (1)

where Egq,(hkl) is the total energy of a Ag(hkl) slab of a M layers, Ny, is the number of Ag
atoms in the slab, F,; is the atomic energy of a Ag atom in the bulk and 7, is the surface
energy. The surface energy is obtained by increasing the number of layers until convergence
is reached within an accuracy of +2 mJ/m? (M=20 for (100) and (110) and M=21 for (111)).
For all functionals, the surface energies are ordered as v111 < Y100 < 7110 Which is consistent
with the experimental hierarchy. Note, however, that their values strongly differ depending
on whether the dispersion corrections are included or not. Regarding the variation of the

interlayer distances due to the presence of the surface, one can notice that for the (100)



surface, all the values lie within the experimental range except for the PBE functional.
For the (110) surface, there is a strong contraction of the first interlayer distance which is
well-reproduced by all functionals. However, the calculated first interlayer distance for the
(111) surface is not in agreement with the experimental contraction whatever the functional.
This discrepancy is certainly due to the fact that we do not take into account the surface
reconstruction.

Given the results obtained for both the a-cristobalite and the Ag bulk and surfaces prop-
erties, we decided to work with the PBE-D3 functional for the investigation of the Ag/SiO,

interface properties.

Ag/SiO, interfaces

Given the computational cost of this type of calculations, it is not possible to model a
nanoparticle of several nanometers surrounded by a silica matrix. We have therefore cho-
sen to model the interfaces between the most energetically favorable facets of AgNPs and
silica by means of periodic calculations. Three types of interfaces have been considered:
Ag(111)/SiO2, Ag(110)/SiO5 and Ag(100)/SiO,.

To model these interfaces, the systems are composed of two slabs of similar thickness:
one made of N layers of Ag and the other made of pre-equilibrated amorphous silica, leading
to two Ag/SiO, interfaces per simulation cell. The size of this latter is large enough to model
the structural disorder of amorphous silica and is a multiple of the Ag unit cell in the x and
y directions, for each crystalline facet. The systems were then made of 58 SiOy and 150 Ag
atoms (5 layers) for Ag(111)/SiO,, of 38 SiO, and 96 Ag atoms (8 layers) for Ag(110)/SiOy
and of 40 SiO, and 108 Ag atoms (6 layers) for Ag(100)/SiOy (see Fig. 2). The number
of Ag layers have been chosen in order to satisfy the compromise between accuracy and
computational cost. With these number of layers, the Ag slab thicknesses are of the same

order than that of the SiO, slabs, and the deviation of the interlayer distance from the bulk
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is as large as -2.7 % for Ag(100), £4.7 % for Ag(110) and -0.6 % for Ag(111) in the middle
of the slabs. Note that the high value obtained for Ag(110) is consistent with the large

contraction of the first interlayer (Tab. 1).

OZOZ0Z0N
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Figure 2: Initial models of Sample 1 of Ag(100)/SiOq (left), Sample 1 of the Ag(110)/SiOy
(middle) and Sample 1 of the Ag(111)/SiO4 (right).

The pre-equilibrated amorphous silica thin films were prepared using Monte Carlo sim-
ulations with the m-TTAM potential which reproduces well the structure of silica poly-
morphs.5%5! A sample of bulk silica was equilibrated in the liquid state (4000 K) for 106 MC
steps per atom in a box of lateral dimensions Lx and Ly corresponding to that of the Ag
film, and Lz = 12.24 A , with periodic boundary conditions (PBC). The system was then
cooled down by applying temperature drops and subsequent equilibrations at 2000 K, 1000
K, 600 K and 300 K (with runs of 105 MC steps per atom at each temperature), in order
to produce a sample of amorphous silica. The surfaces were then created by introducing a
gap in the z-direction. Once put in contact with a thin film of crystalline Ag (the Ag/silica
interactions are described with a van der Waals-like potential®®53), the silica layer is then

heated to 3000 K for 10° MC steps, while the Ag film is kept rigid, to relax the two freshly
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cut silica surfaces. As previously, the temperature is then decreased step by step down to
300 K.

In order to increase the statistics on the structural disorder of SiO,, 3 samples for each
type of interface were prepared, which makes a total of 9 systems and 18 Ag/SiO, interfaces
(2 interfaces per system). The subsequent DFT relaxations were done in several steps,
corresponding to loops of relaxation of the atomic positions followed by relaxation of the
cell volume, until convergence of the total energy was reached. The threshold on the forces
was set to 3 meV/A. After relaxation, the structural characteristics of the silica slabs have
been analyzed and are reported in the Supporting Information. The most common observed
defect are the edge-sharing tetrahedra (4 among 9 samples) and the three-coordinated oxygen
atoms OSi3 (3 among 9 samples). The proportion of defects is reasonable given the small
thickness of the SiO, slabs. Since they are not located near the surfaces, they should not
affect the properties of the interfaces. Regarding the distance and angle distributions, we
observe a slight decrease of the Si-O bond distance, of the O-O distance and of the SiOSi
angles during relaxation. The pair correlation functions and angular distributions, although
quite noisy because computed at 0K, are very similar to that of SiO5 slabs computed using

AIMD,?* thus validating our protocol.

Results

After relaxation of the cell and of the atomic positions, we observed that the cell dimensions
and the slab thicknesses are of the same order of magnitude for all samples and every facet
(5 in Supporting Information). Note however that the (111) system is slightly larger in
the x and y-directions than the other ones. Among the 9 studied systems, we observed
reconstructions taking place at 50 % of the 18 investigated interfaces during relaxation.
Indeed, after relaxation, for 9 interfaces among the 18 ones, one Si-O bond close to the

interface breaks and new bonds form between the oxygen atoms and the silver atoms, and
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between the silicon atoms and the silver atoms. For some samples, both interfaces between
Ag and SiO, reconstruct, for some samples, only one interface and for others, there is no
bond breaking (Tab. 5). We notice that the systems in which there is no bond breaking
are the Ag(110)/SiO4 ones which present the smallest silver atomic density at the interface.
Note that these spontaneous reconstructions at the interfaces also take place in calculations
in which the dispersion forces are not included (PBE calculations). After these relaxations,
ab initio molecular dynamics simulations have been carried out at 300 K for 3 ps and then
at 500 K for another 3 ps in the NVE ensemble, for two samples: one with a broken Si-O
bond and one with no broken bonds. We did not observe additional bond breaking during
these AIMD simulations, which indicates that the energy barriers to form new bonds are not
very small.

The work of adhesion has been computed for all samples using:

W = [E(SiOs) + E(Ag) — E(Ag/SiO,)] /24 2)

where E(Si0,) is the total energy of the SiO5 slab alone, E(Ag) is the total energy of the
Ag slab alone, E(Ag/Si0s) is the total energy of the interface system and A is the area
of the interface. Note that W,4 is the average value of the works of adhesion of the two
interfaces in a given sample. W, is positive for all interfaces and varies between 292 and
550 mJ.m~2 which indicates that silica and Ag have a moderate tendency to stick together
(5 in Supporting Information). The large variations in W,4 are not correlated to the type
of interface. By analyzing the number of bond breaking and forming for each sample, we
noticed that it is correlated with the value of W,,. Indeed, the smallest values of W4 are
obtained for Samples 2 and 3 of Ag(110)/SiOy (326 and 292 mJ.m~2) in which there are
no interface bond. The highest values of W4 are found for Sample 2 of Ag(100)/SiOs (579
mJ.m~?) and Sample 1 of Ag(111)/SiO5 (505 mJ.m™?2) for which we observe the formation of

interface bonds at each interface, and for Sample 1 of Ag(110)/SiO5 (550 mJ.m~2) in which
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one Si-O bond is broken and Si-Ag and O-Ag bonds are formed at one interface, and another
Si-O bond is about to break at the other interface. In summary, the formation of interface
bonds leads to an increase of the W,y of about 100 to 150 mJ.m~2 per broken Si-O bond.
Experimentally, the work of adhesion of liquid silver on amorphous silica has been esti-
mated at 174 mJ.m~2 5 and at 430 mJ.m~2 5¢ by measuring the contact angle in wettability
experiments. The discrepancy between these two values might be attributed to different ex-
perimental conditions and to the model used to derive the work of adhesion from contact
angle measurements. The computed values of the present work are nevertheless in good

agreement with these experimental estimates, thus validating our theoretical approach.

Structural properties

Table 2 presents selected geometrical characteristics after relaxation for the atoms involved
in the interface reconstructions. The atom subscripts used in this table are given in Figure

3, where an example of Si-O bond breaking taking place at the interface is shown.

Figure 3: Example of a Ag(110)/SiO; interface before (left) and after (right) geometry
optimization. The labels correspond to atoms involved in the interface reconstruction.

All the interface reconstructions present similar features: One Si-O bond (Si;-O) close

to the interface breaks during relaxation, the remaining Si-O bond (Siz-O) becomes shorter
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Table 2: Interatomic distances (in A) of the bonds that are broken and/or created at the
Ag/SiO, interfaces after the relaxation, Ag;OAg, in ° and size of the broken ring in SiO,.

Sample dOA91 doA92 AglOAgg dSi1O d5i2o Ring size dSilAgg
S1 234 | 2.39 773 | 3.07 | 1.59 3 2.43
| s21% Bond | 2.33 | 2.53 744 | 310 | 1.59 4 2.49
Ag(100)/8102 | 9 ona Bong | 2.30 | 2.4 81.5 | 3.36 | 1.59 3 9.47
S3 2.26 | 2.41 797 | 315 | 1.58 6 2.46
S1 230 | 2.68 | 103.7 | 3.94 | 1.58 4 2.44
Ag(110)/Si0, 2 ] _ ; ; ; ; ;
s3 ; ] ; _ ; ; ;
S1 1% Bond | 2.48 | 2.45 706 | 3.27 | 1.59 4 2.67
| 's127 Bond | 247 | 2.23 784 | 314 | 1.58 4 9.41
Ag(111)/510; S2 219 | 2.71 72.7 | 3.00 | 1.59 3 9.48
S3 2.28 | 2.36 804 | 3.96 | 1.59 4 2.58

(around 1.59 A, Tab. 2) and the oxygen atom of the Sis-O bond approaches the silver
surface (see Fig. 3). In most samples, this oxygen atom adopts a symmetric ”bridge”
position between two Ag atoms (Ag; and Agy) of the silver surface with similar dpa,, and
dpag, distances, or a distorted one, if the two Ag-O distances are different (see Tab. 2).
These Ag-O distances vary between 2.19 A and 2.71 A . This is to compare with the Ag-O
bond length of 2.048 A in Ag,0® and with the typical Ag-O bond lengths found in small
Ag,-O, clusters®® which range between ~ 2.2 and 2.6 A. The values of the Agl/O\Agz angles
reflect that the O bridges two first neighbors Ag atoms on the Ag(100) and Ag(111) surfaces
(between 70.6° and 81.5°) and adsorbs on the long-bridge position on the Ag(110) surface
(103.7°). The Si-O bond breaking has not only induced the formation of Ag-O bonds but
also the creation of a Si-Ag one. Indeed, the 3-fold coordinated Si atom (Si;) approaches the
silver surface and adopts a position close to a "top” position above a third Ag atom (Ags).
Depending on the initial position of the broken Si-O bond with respect to the Ag atoms of
the interface, the final Si-Ags distance lies between 2.41 A and 2.67 A. The experimental
Si-Ag bond length is found to be 2.40 A in silver silicides,? and theoretical estimates based
on DFT calculations of the Si-Ag bond lengths in AgSi and AgSi, give values of 2.36 A and
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2.48 A | respectively. 50

It is interesting to note that almost all Si-O bond breakings take place for Si and O atoms
belonging to a 3- or 4-membered ring, except for Sample 3 of Ag(100)/SiO,. The ring size
distribution in the SiOs thin films of the present study (centered on 4- and 5-membered rings)
is slightly shifted towards smaller rings than that of bulk amorphous silica which exhibits a
majority of 5- and 6-membered rings (see 8 in Supporting Information). This shift can be
due to the high cooling rate, to the small size of the silica samples and/or to the presence of
the surface.?® Nevertheless, the correlation between small rings and the Si-O bond breaking

at the interface is most likely significant.

Electronic structure

The total (TDOS) and partial (Si, O and Ag) density of states (DOS) for two different
samples, with and without bond breaking, are depicted in Figure 4. In all samples, we
observe similar features: the highest occupied states are dominated by the Ag d-states and
by the O p-states, and the main bands of amorphous SiO, are clearly recognizable in the
range [-10;-3] eV.5! By looking carefully at the magnification of the partial DOS, one can
observe small peaks in the O DOS at &~ -2.5 eV, which are present only in samples where a
reconstruction occurred (Sample 1, left panels in Fig. 4). Indeed, in the DOS of Sample 3 of
Ag(110)/Si04 (right panels in Fig. 4), in which no reconstruction was observed, these small
peaks are absent. These peaks could be a signature of the bonding between the oxygen atom
involved in the bond breaking and the Ag atoms of the interface.

In order to verify this hypothesis, we show in Fig. 5 examples of the DOS projected on
the specific atoms (PDOS) involved in the interface reconstructions. Indeed, the existence of
bonding between atoms at the interface can be verified by looking at overlaps of the projected
densities of states. In the three examples depicted in Fig. 5, there is a clear overlap between
the PDOS of the O atom and that of its two Ag neighbours, Ag; and Agy, around -2.5 eV

(upper panels). This is a signature of a bonding between these atoms. Overlaps between
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Figure 4: Examples of total (TDOS) and partial density of states (Si, O, Ag) of Ag/SiO,
systems: Sample 1 of Ag(110)/SiO and Sample 3 of Ag(110)/SiOy. The lower panels are
magnifications of the -13 eV to 7 eV energy range. A gaussian smoothing function of o= 0.5
eV has been used.

the PDOS of the O atom and the Si, atom are also visible between -6.0 and -7.0 eV (middle
panels), which is a signature of the remaining bond between these two atoms. In addition,
one can observe small peaks in the Si; atom PDOS between -1.0 and -2.0 eV which overlap
with the Ags PDOS (bottom panels), indicating a bond between these atoms as well. All
these features are present for the atoms involved in all the reconstructed interfaces (not

shown).

Charge distribution

To investigate the charge re-organization at the interface, we computed the Bader atomic
charges for the 9 investigated samples. In Tab. 3 are gathered the charges on the atoms
involved in the interface reconstructions. For comparison, note that the average charge values

for the Si, O and Ag atoms are +3.17 e, -1.60 e and 0.00 e respectively in these samples.
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Figure 5: Examples of Projected Density of States (PDOS) on the atoms involved in the
bonds formation at the Ag/SiO, interfaces.

After the relaxation, in all samples, the remaining Sio-O bond length becomes quite short
(1.58-1.59 A) but the Si, charge does not significantly change (between +3.13 e and +3.18
e). On the opposite, one of the shared electrons of the broken Si;-O bond transfers to the
Si; atom. Indeed its charge ranges between +2.38 and +2.10 e, which corresponds to an
excess charge of ~ -0.79 / -1.07 e on these atoms compared to the average value for Si atoms
in the samples. The O atom which participates to bonds with two Ag atoms in a bridge
configuration has a charge between -1.40 and -1.45 e, i.e. = 0.20 e less charged than the
average value for the O atoms in SiO,. The Ag atoms bonded to this oxygen atom become
more positively charged (= +0.15 e) and the Ags atom close to the Si; atoms becomes
more negatively charged (between -0.02 and -0.17 ) with respect to the average value. The
charge transfers on the oxygen atom and on the Ag;, Ag, and Ags atoms are not sufficient

to compensate the excess charge on the Si; atom. Indeed, we also observe a slight excess
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charge spread over the Ag atoms around the ones involved in the Ag-O and Si-O bonds.

The configuration of Si; in which the Si atom is bonded to only 3 oxygen atoms and
bears an additional electron is very similar to that of a well-known defect in SiO,, made
of a 3-coordinated charged Si (SiOj ), called E’ center.%? This defect is made of an oxygen
vacancy and a silicon dangling bond with an unpaired electron. Several types of E’ centers
exist which differ from each other by their structure. These defects are responsible for the
performance drop of electronic and optical devices. For instance, the existence of E’ centers
is associated with the appearance of an absorption band at 5.8 eV in the UV range. Due to
the unpaired electron, they are detectable by EPR (electron paramagnetic resonance) and
some of them (E’, and E’,, for instance) give rise to a strong hyperfine coupling. %

4 significant numbers of defects

Note that, in the experiments conducted in our group,?
in SiOy are created during ion implantation. These defects, due to the displacement of ions,
create vacancy related centers such as E’ centers or bond breaking which gives rise to SiO
dangling bond centers (such as NBOHC).% The analysis of EPR spectra of E’-centers for
amorphous SiO, implanted with different ions including Ag*, shows that, in the implantation
layer, E’ centers indeed co-exist with different degrees of local environmental distortion.%* In
implanted silica, damage recovery starts at T > 500°C, with irreversible E’ centers annealing
due to oxygen diffusion and capture and peroxy radical or peroxyl bridge dissociation.® A
total recovering of the silica matrix is observed after annealing at high temperature (1100
°C).% In Ref.,?* the Ag" implanted layers have been annealed under Ny atmosphere at
500 °C for 30 minutes. At such low thermal budget only a partial damage recovering is
observed.? In the model samples, the silica layers do not exhibited the defects due the ion
implantation damage. Therefore these E’ centers could only be expected at the interface
between SiO, and Ag.

In order to verify whether the 3-coordinated Si; atom observed at the interface is indeed

an E’ center, we have estimated the hyperfine coupling on the Si; atom both in the SiOy/Ag

interface sample and in the corresponding SiOs slab, in the absence of the Ag slab. In this
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latter case, the calculation was performed using the coordinates of SiOs in the Ag/SiO,
interface, i.e. with the 3-coordinated Si; atom. The calculations show a significant hyperfine
coupling on the Si; atom in the case of the free SiO, slab, but this coupling disappears when
the SiOs is put in contact with the Ag slab. This is probably due to the fact that the electron
on the Si; atom is no more unpaired once in contact with the Ag surface. In order to check
this assumption, we analyzed the Bader volumes associated with the atoms involved in the
reconstruction. The Bader volume is defined as the volume around each atom in which the
charge density is integrated to compute the Bader charge. Its boundary is determined as
the surface through which the charge density gradient has a zero flux. In the left panel of
Fig. 6, we show an example of these Bader volumes for the Si; atom and its neighbors.
One can clearly see the large Bader volume associated with the Si; atom (yellow) which
spreads towards that of the Ags atom (grey). This indicates the covalent nature of the bond
between Si; and Ags. In this bond, however, the electrons go preferentially on the Si; atom,

as evidenced by the large number of electrons on this atom (Tab. 3).

Figure 6: Bader volumes around the atoms involved in the interface bonding (Sample 1 of
Ag(110)/SiOsq). Left panel: Si;-Agz bond; Right panel: O-Ag; and O-Agy bonds. Grey: Ag,
yellow: Si and red: O.

For comparison, we show on the right panel of Fig. 6, the Bader volumes of the oxygen
atom bonded to the two Ag atoms at the interface and that of its neighbors. Here as well,
the Bader volume of the O atom extends towards that of the Ag atoms. The contact surface

between these volumes is significant, indicating a partially covalent bonding.
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Table 3: Bader charges (in e).

Sample O Sll Slg Agl Agg Ag3

S1 -1.43 | +2.10 | +3.15 | +0.16 | +0.17 | -0.04

Agion/SiO, S2 1%t bond | -1.42 | +2.19 | +3.16 | +0.19 | +0.13 | -0.02
S2 2" bond | -1.41 | +2.13 | +3.13 | +0.19 | +0.17 | -0.06

S3 -1.42 | +2.25 | +3.15 | +0.21 | +0.18 | -0.10

S1 -1.45 | +2.21 | +3.15 | +0.22 | +0.14 | -0.08

Agllo/SiOQ S2 - - - - - -
S3 - - - - - -

S1 1% bond | -1.42 | +2.23 | +3.16 | +0.14 | +0.14 | -0.05

Agin /SiO, S1 2™ bond | -1.41 | +2.38 | +3.15 | +0.13 | +0.14 | -0.17
S2 -1.43 | +2.34 | +3.17 | +0.16 | +0.11 | -0.12

S3 -1.40 | +2.19 | +3.18 | +0.14 | +0.13 | -0.04

Discussion

These results evidences that the interface between a silver surface and a silica slab exhibits
covalent bonds between both the Si and Ag atoms and the O and Ag atoms. Depending
on our initial SiOs structure and the type of the Ag facet, we observe a different number
of bonds at the interface. The Ag(100) and Ag(111) facets give rise to a higher number
of interface bonds than the Ag(110) one. This is attributed to the fact that the density of
surface Ag atoms is lower on this facet (0.09 at./A?) than on the other ones (0.12 at./A? and
0.14 at./A?). Indeed, the formation of bonds at the interface seems to depend on geometric
factors such as the proximity of a Si atom and an Ag atom and the possibility for the O
atom to move into a bridge position between two Ag atoms. The greater the number of Ag
atoms at the interface, the higher the probability that this configuration exists.

Regarding the initial structure of the samples before relaxation, we noticed that the ones
that present interface bonds share common features. First of all, the initial Bader charge on
the Si; atom (see Fig. 3), lying between +3.13 and +2.97 e with an average value of +3.05 e,
is lower than the average Si charge (4+3.17 €). Moreover, the Si; atom always bears the lowest

charge among the Si atoms of the interface. In 78 % of the cases, the Si; atom is one of the
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closest atoms with respect to the Ag surface (the Si;-Ags distances before relaxation lying
between 2.98 A and 3.54 A with an average value of 3.18 A). Regarding the initial O-Ag; 5
distance, it is the smallest one in 66 % of the cases (the O-Ag distances before relaxation
lying between 2.51 A and 3.04 A with an average value of 2.82 A). Note that the initial
distances between the SiO, and the Ag slabs, and consequently the initial charges depend on
the simulation protocol used to generate the systems. Therefore their absolute values must
be taken with caution, the only significant information being the fact that the reactive sites
are the closest ones to the Ag surface and the Si ones having the higher number of electrons.
However, the initial structure of the silica surface does not seem to play a significant role
in the occurrence of a Si-O bond breaking at the interface. Indeed, we could not find any
correlation between the characteristics of the Si-O bond and its environment (bond length,
Si-O-Si angle, ring size etc.) and its probability to break.

It has been experimentally evidenced that the work of adhesion of liquid metals on silica
can only be accounted for by the presence of covalent bonds between the metal and the
oxide in addition to van der Waals interaction.?® In the case of silver, the experimental
work of adhesion is rather low but still compatible with the existence of covalent bonds
between the metal and the silica surface.?>?® In our simulations, the surface reconstructions
are observed at zero temperature for a dry silica matrix thus indicating that no activation
energy is needed to break the Si-O bond and form the interfacial Si-Ag and O-Ag bonds. In
the present model, the silica surfaces are not hydroxylated whereas, in ambient conditions,
the silica surface is terminated by silanol groups (Si-O-H) which saturates the Si-O dangling
bonds. The concentration of these groups at the surface depends on the air humidity and on
the temperature and has been estimated to be between 4 and 6 OH/nm? in water saturation
conditions at room temperature.® At a temperature of 400 °C, it is around 2 OH/nm? and
the silica surface is fully dehydroxylated around 1000°C. Thus one can assume that, in the
presence of Si-O-H at the interface, the metal has to replace the hydrogen atoms or the

hydroxyl groups to form interfacial bonds with silica. Besides, recent studies have shown
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that metal silicides can be created via direct interaction between SiO, and the metal. %

In our embedded AgNPs synthesis,?* low energy ion implantation into SiO, causes a
damaged surface layer. The high number of broken bonds due to displaced Si and O atoms
create defects in the glassy network in which water from the atmosphere can diffuse.%” This
water incorporation from the ambient during the ion beam synthesis of nanocrystals has been
studied by hydrogen depth profiling using nuclear reaction analysis (NRA).% Concentrations
of hydrogen up to 10 at. % due to water absorption from the ambient were measured in the
implanted region but massive exodiffusion of H takes place during subsequent annealing at
temperatures as low as 600°C. In the case of Ag™ implanted silica, annealing of the layers
at low temperature (400-500°C) under Ny allows a partial recovering of the implantation
damage and therefore delays and reduces the penetration of O-rich complexes as evidenced
by the absence of ageing by oxidation process of the AgNPs, even after some months.?’
Following the Zhuravlev model,3® at 400 °C, the silanol concentration on the silica surface is
below 2 OH/nm?. More recently, Gierada et al.% have proposed a new model which gives a
concentration between 3.6 OH/nm? and 1.7 OH/nm? for water pressure from 1072 to 1079
atm, at 400°.  One can thus assume that the silica is only poorly hydroxylated at the
interface with the nanoparticles, validating the choice of a dehydroxylated silica surface in
our models. The limited sizes of these model systems do not allow to define precisely the
concentration of metal-silica interfacial bonds. In systems where we observe these bonds, a
maximum of one Si-O bond breaks on an interface area between ~ 141 and 216 A? and 2
Ag-O bonds and 1 Ag-Si bond are formed, corresponding to 1.5 to 2.2 interface bonds/nm?.

In summary, we can assume that the silica matrix is most probably dehydroxylated -at
least partially- after implantation and annealing, and that the interface between the im-
planted AgNP and the silica matrix is largely composed of Si-Ag and O-Ag bonds. This
knowledge of the surface state of implanted AgNPs is particularly important for under-
standing the elementary mechanisms at play during the first steps of the Ag' release.?* In

particular, it is worth wondering whether the O-Ag bonds that are formed at the interface
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could be involved in the detachment mechanism of Ag atoms from the surface of AgNPs
embedded in a silica matrix. In solution, the current consensus presents the oxidative disso-
lution mechanism by O, as the main mechanism leading to the detachment of an Ag atom
from a Ag nanoparticle, at the origin of the Ag™ release. One can wonder whether the first
steps of the AgNP dissolution are retained when embedded in a dielectric matrix, or if the
initial silver oxidation occurs through a different mechanism. Indeed, the presence of Ag-O

bonds at the interface could replace the effect of O, and initiate the Ag detachment.

Conclusion

Interfaces between amorphous silica and the most stable crystalline facets of silver have been
modelled by periodic DFT calculations in the PBE approximation with a dispersion correc-
tion of the Grimme-D3 type. The preparation of the systems, in particular the amorphous
silica slabs, has been carried out using empirical potentials. The relaxation of the atomic
positions in the DF'T framework leads to reconstructions in 50 % of the interfaces, which con-
sist in a breaking of a Si-O bond and the formation of two O-Ag bonds and one Si-Ag bond
at the interface. The work of adhesion of these interfaces is found to be of the same order of
magnitude than the experimental values derived from wettability experiments. The analysis
of the electronic density of states has evidenced the covalent nature of the bonds between O
and Ag and between Si and Ag. Bader charge estimates have shown that the shared electron
in the Si-O bond goes preferentially on the Si atom after the interface reconstruction.
These results tell us that spontaneous covalent bonds form at the interface between a
dehydroxylated silica surface and a silver nanoparticle, whatever the facet. This situation
corresponds to devices fabricated by us using ionic implantation and annealed at high tem-

2 at the silica surface is expected to be quite

perature in which the number of OH per nm
low. In this specific context, we assume that the nature of the interface between AgNPs and

silica is made of covalent bonding and that some Ag surface atoms are partially oxidized.
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The existence of these interface bonds is likely to have an impact on the detachment of
silver atoms from the nanoparticle surface, which is expected to be the first step of the Ag™
release. However, from our results, it is difficult to say whether this can promote or hinder
the detachment. To further investigate, it is necessary to study in more detail the reactivity
of these interfaces in temperature and in the presence of other chemical species such as water
or Os.

In any case, one can not totally rule out the presence of silanol groups at the silica surface.
In this situation, the replacement of the H atoms and/or the OH groups by Ag atoms would
be required in order to form the Ag-O and Si-O interface bonds. Besides, the AgNPs present
edges and corners where the Ag atoms are under-coordinated which is not taken into account
in the present study. The influence of these atoms on the interface reconstruction should

also be investigated.
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Si0O, structural characteristics

The number of defects in all the different SiO, slabs investigated are given in Tab. 4. These
structural defects are defined as: three- and five-fold coordinated Si atoms (SiO3 and SiOs3),
three-fold coordinated O atoms (OSi3), Si-O dangling bonds (non-briding oxigen NBO) and
tetrahedra connected by an edge (edge-sharing tetrahedra).

The pair correlation functions for Si-Si, Si-O and O-O have been computed by averaging
over the three SiO, slabs used for the different crystalline interfaces (100), (110) and (111)
to increase the stastitics (Fig. 7). The dashed and bold lines correspond to the systems
before and after the DF'T relaxation, respectively. Note that there is a slight displacement
of the Si-O and O-O first peaks towards smaller distances after relaxation. This latter is

associated with a shift of the SiOSi angle distributions towards smaller angles (Fig. 7).
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Table 4: Number of defects in the different SiO5 slabs.

SiO3 | SiO5 | OSi3 | NBO | Edge-sharing
Sample 1 0 0 0 0 1
100 | Sample 2 0 0 0 0 0
Sample 3 0 0 0 0 1
Sample 1 0 0 1 1 0
110 | Sample 2 0 1 1 0 1
Sample 3 0 0 0 0 0
Sample 1 0 0 0 0 0
111 | Sample 2 0 0 1 1 1
Sample 3 0 0 0 0 0
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Figure 7: Pair correlation function (left panel) and Si0Si angular distribution function
(right panel) of the SiO, slabs used to model the three crystalline SiOs/Ag interfaces (100),
(110) and (111). The g(r) and angular distribution are averaged over the three samples for
each interface and are compared before and after the DFT relaxation.

The distribution of connected tetrahedra (rings) have been evaluated before and after
DFT relaxation and are shown for all SiOs slabs in Fig. 8. The decrease of the number of

rings after relaxation in some of the samples corresponds the breaking of the Si-O bonds.

Interface characteristics

Tab. 5 presents some structural features of the relaxed samples as well as the work of

adhesion of the interface. The slab thickness was determined by the largest z-coordinate
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Figure 8: Number of rings of size N, N being the number of terahedra per ring before and
after relaxation in all SiO5 slabs.

difference, Az, between two atoms belonging to the two different surfaces of a given slab.

The work of adhesion W,4 is obtained using:

Waa = [E(5102) + E(Ag) — E(Ag/S10,)] /24 (3)

where E(S10,) is the total energy of the SiOs slab alone, F(Ag) is the total energy of the Ag
slab alone, E(Ag/SiOs) is the total energy of the interface system and A is the area of the
interface. Note that W, is the average value of the works of adhesion of the two interfaces

in a given sample.
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Table 5: Cell dimensions, slabs thickness (in A ), number of Si-O broken bonds and work of
adhesion (in mJ.m™2) after cell and atomic positions relaxations.

Ag(100)/SiOs | Ag(110)/SiO9 | Ag(111)/SiO4
Lx 12.121 12.114 14.224
Ly 12.121 11.421 14.782
Sample 1 Lz 25.356 24.226 24.060
Ag thickness 10.534 10.423 9.971
SiOy thickness 10.968 10.084 10.823
broken Si-O bonds 1 1 2
W 401 550 505
Lx 12.110 12.092 14.258
Ly 12.110 11.400 14.818
Sample 2 Lz 25.084 24.785 24.174
Ag thickness 10.675 10.441 9.848
SiO4 thickness 11.289 11.073 10.562
broken Si-O bonds 2 0 1
W 579 326 468
Lx 12.151 12.096 14.218
Ly 12.151 11.404 14.776
Sample 3 Lz 25.326 25.212 24.785
Ag thickness 10.423 10.542 9.754
SiO9 thickness 11.059 10.558 10.970
broken Si-O bonds 1 0 1
W 464 292 477
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Graphical TOC Entry

The Ag/SiO, interface at the atomic scale

Evidence for covalent bonding
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