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Theoretical study of metal/silica interfaces: Ti, Fe, Cr
and Ni on β -cristobalite

Jacopo Baima,ab Ha-Linh Thi Le,ab Jacek Goniakowski,∗a Claudine Noguera,a Alexey
Koltsov,b and Jean-Michel Mataigneb

The understanding of interfacial effects and adhesion at oxide-metal contacts is of key importance
in modern technology. Metal-silica interfaces specifically are relevant in electronics, catalysis and
nanotechnology. However, adhesion at these interfaces is hindered by a formation of siloxane rings
on the silica surface which saturate the dangling bonds at stoichiometric terminations. In this context,
we report a thorough density functional theory study of the interaction between β -cristobalite and
selected 3d transition metals under different oxygen conditions. For any given interface stoichiometry,
we find a progressive decrease of the metal/silica interaction along the series, following the increase of
metal electronegativity. Crucially, in presence of early transition metals (Ti or Cr) the surface siloxane
rings are spontaneously broken, allowing for strong adhesion. Late transition metals interact only
weakly with reconstructed surfaces, similarly to what was found for zinc. In absence of reconstruction,
stoichiometric silica/metal contacts behave similarly to alumina/metal contacts, but display larger
interactions across the interface. Based on these results, we show that early transition metal or
stainless steel buffers can significantly improve the weak adhesion between silica and zinc, responsible
for a poor performance of anti-corrosive galvanic zinc coatings on modern advanced high strength
steels.

1 Introduction
Interaction of metals with oxide and glass substrates has been
the subject of studies in the context of various applications,
most prominently electronics and catalysis.1–3 More recently, sil-
ica/metal interfaces have attracted renewed research attention,
focused on novel applications such as strong metal support inter-
action (SMSI),4–6 metal@SiO2 core-shell nanoparticles,7–10 and
techniques for sintering control.11,12 In addition, metal adhesion
to silica and other large gap oxides has emerged as a key chal-
lenge for the steel-making industry, as light strengthening ele-
ments (Si, Al and Mn) used in modern advanced high strength
steels (AHSS) are selectively oxidized during the recrystallization
annealing process, with the oxides segregating to the steel sur-
face.13–19 In particular, quasi-continuous amorphous silica films
can form, which dramatically reduces the adhesion of the zinc
galvanic coatings routinely applied to enhance corrosion resis-
tance.14,17,20
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In this context, a microscopic understanding of the interface
and adhesion properties of metal/silica junctions is essential.
With respect to the large number of theoretical and ab initio stud-
ies dedicated to the adhesion of transition and noble metals on a
variety of oxide surfaces1,2,21–24, comparatively less results have
been reported on metal/silica interfaces. Moreover, we are not
aware of any systematic study of the interaction between silica
and different metallic species. This may be due to the difficulty of
using amorphous silica models in simulations due to their large
size and structural inhomogeneity. In this respect, a strategy suc-
cessfully adopted in the past consists of mimicking amorphous
silica surfaces by those of one of its crystalline polymorphs, most
commonly either α-quartz, or α- or β -cristobalite. While being an
high-temperature polymorph, β -cristobalite has the advantage of
having a density very close to that of amorphous silica.

Beyond the existing studies treating interfaces of different sil-
ica polymorphs with Cu, Ni, Al, Ag, and Pt,25–33 we have re-
cently analyzed zinc/β -cristobalite interfaces.34 We have shown
that the characteristics of the interface are very sensitive to the sil-
ica surface composition and structure. The stoichiometric termi-
nations show a reconstruction which saturates all dangling bonds
by forming two-membered siloxane rings, which have also been
identified on dehydroxylated amorphous silica surfaces. While
this strongly stabilizes the bare surfaces, it results in a very weak
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interaction with the zinc deposit, and explains the bad adhesion
of anti-corrosive zinc coatings. Similar mechanisms related to
to the saturation of surface dangling bonds have been shown to
be crucial in explaining the sintering of silica-supported Pt clus-
ters30,31, as well as Cu/silica adhesion properties in electronic
circuits26 and ion release by coated silver particles in solution.33

Interestingly, we found that the interface strength of the same
non-polar zinc/cristobalite interfaces is significantly enhanced
once the siloxane rings are broken. However, since this re-
quires to overcome a large energy barrier, it may not be feasi-
ble in normal conditions. In this respect, we have proposed sur-
face pre-hydroxylation35 or formation of interfacial ternary com-
pounds36,37 as possible routes for removing the surface recon-
struction and enhancing adhesion.

One alternative path may rely on using interfacial buffers com-
posed of more reactive metals. Indeed, in the superficially similar
case of alumina/zinc interfaces, we have previously shown that
early transition metal38 or stainless steel39 buffers can signifi-
cantly enhance adhesion resulting in cohesive cleavage within the
zinc deposit. However, the similarity between the two systems is
limited. In contrast to silica surfaces, stoichiometric alumina sur-
faces do not undergo a reconstruction and therefore expose un-
dercoordinated atoms which can readily bond to a reactive metal
deposit.

Therefore, in order to shed more light on the microscopic mech-
anisms which drive the interaction at different metal/silica inter-
faces, as well as to explore the suitability of stainless steel buffers
to improve adhesion at zinc/silica interfaces, in this paper we
study the interaction of β -cristobalite with a series of transition
metals (M) of different electronic and cohesive properties, with
particular attention to the interaction between surface siloxane
rings and different metallic species and its consequences for ad-
hesion. As to cover a wide range of characteristics we have cho-
sen metals from the beginning (Ti), the middle (Cr, Fe) and the
end (Ni) of the 3d transition series, a choice that also includes
the three components of stainless steel (Fe, Cr and Ni). Taking
into account the similarity of results obtained for interfaces be-
tween Zn and the (001) and (111) surfaces of cristobalite,34 in
the following we restrict our analysis to the case of (001)-oriented
interfaces under various oxygen conditions.

The paper is organized as follows. After presenting the com-
putational approach in Sec. 2, in Sec. 3 we summarize the main
results on the structural, electronic and adhesion properties of the
interfaces. In Sec. 4 we discuss the similarities and differences be-
tween silica/metals and alumina/metals junctions and how they
affect the use of stainless steel buffers to enhance adhesion prop-
erties, before summarizing our conclusions (Sec. 5).

2 Computational methods and settings
All calculations were performed within Density Functional The-
ory (DFT) as implemented in VASP (Vienna ab initio simula-
tion package).40,41 We have used a dispersion-corrected GGA
exchange-correlation functional (optB86-vdW),42–44 as we have
found it to improve the description of adhesion characteristics at
weakly interacting metal/oxide interfaces with respect to stan-
dard GGAs.38,45 In particular dispersive interactions account for

the majority of the adhesion energies between zinc and recon-
structed silica surfaces.34 The interaction of valence electrons
with ionic cores is described within the projector augmented wave
(PAW) method,46,47 and the p semicore electrons of the transition
metal atoms have been systematically treated explicitly. Since it
has a relatively small effect on the energetic trends, we did not
employ the GGA+U approach to correct the electronic structure
of the transition metal atoms oxidized at interfaces45. The Kohn-
Sham orbitals are developed on a plane-wave basis set with a
cutoff energy of 400 eV, and we use a Γ-centered 6×6 Monkhorst-
Pack grid. The self-consistent iterative solution of the electronic
Hamiltonian is pursued until energy differences become less than
10−6 eV and atomic positions were relaxed until forces become
smaller than 0.01 eV Å−1. Periodic slab replicas were systemati-
cally separated by at least 10 Å of vacuum and we used dipole cor-
rections to attenuate the effect of periodic boundary conditions
in the direction normal to the slab surfaces.40 Atomic charges are
estimated with the partition scheme proposed by Bader,48,49 and
atomic configurations are plotted with VESTA.50

The relative stability of magnetic and non-magnetic solutions
was systematically tested for transition metal surface and in-
terfaces. As expected, ferromagnetic ground states were found
for iron and nickel, and a non-magnetic state for titanium. For
chromium, we find a non-magnetic ground state with the optB86-
vdW functional, and the surface energy is ∼50% larger than the
value measured in the liquid phase, consistently with previous
DFT results.51–53 An error cancellation can however be expected
in adhesion and interface energies. To model silica surfaces we
employ the I4̄2d structural variant of β -cristobalite, following the
results and discussion in Refs. 54 and 34.

Surface calculations In the present study we consider four
(001)β -cristobalite surface terminations of different composition,
atomic structure and polar character analyzed in detail in our pre-
vious work,34 namely two non-polar stoichiometric ones and po-
lar oxygen-lean and oxygen-rich (Fig. 1).

Following the convention of Ref. 34, we will label them accord-
ing to their surface stoichiometry with respect to a neutral dipole-
less repetitive bulk unit cell55: SiO (O-lean), D2−SiO2 and SiO2

(stoichiometric), and SiO3 (O-rich). In the case of the stoichio-
metric terminations, both dangling oxygen terminated (SiO2) and
reconstructed terminations which expose instead siloxane rings
(D2−SiO2) are considered34. Non-stoichiometric terminations
are polar, containing an excess of two electrons (O-lean) or two
holes (O-rich) per surface unit cell which heal their polar charac-
ter. For O-lean terminations, the excess electrons are localized on
surface cations, which change their oxidation state from Si4+ to
Si2+. For O-rich terminations, the excess holes are localized on
surface anions, which form O2−

2 peroxo surface groups.

In order to reduce the propagation of structural distortions and
to improve the convergence with respect to slab thickness, we use
asymmetric silica slabs with one bare and one fully hydroxylated
termination, and fix the position of the sub-surface Si atoms at
hydroxylated terminations. Although slabs composed of five SiO2

layers are sufficient to converge surface energies to within 0.01
J/m2, as convergence of the separation energies can be somewhat
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Fig. 1 Computational models of alternative terminations of the (001)
surface of β -cristobalite. From left to right: oxygen-lean SiO, stoichio-
metric SiO2 and D2−SiO2, and oxygen-rich SiO3 terminations. Si and O
atoms are represented by large blue and small red balls, respectively.

slower we use systematically nine SiO2 layers.
The total surface energy of such non-stoichiometric asymmetric

slab is equal to the sum of the surface energies of its bare σSiOx

and its hydroxylated σSiOH terminations:

σSiOx +σSiOH =
Ea−slab−Ebulk

SiO2
−nEH2O−∆NOµO

S
(1)

where Ea−slab, Ebulk
SiO2

, and EH2O are the total energies of the
asymmetric slab, of bulk SiO2, and of a free water molecule, re-
spectively. ∆NO gives the excess/deficiency of oxygen atoms in
the slab with respect to the SiO2 (+nH2O) stoichiometry, µO is
the oxygen chemical potential, and S is the surface unit cell area.
Since the evaluation of σSiOx requires the knowledge of σSiOH,
the total energy Es−slab of a symmetric stoichiometric cristobalite
slab with both terminations equivalently hydroxylated is also cal-
culated.

Table 1 Orientation and coincidence unit cells of the metal deposit used
in interface calculations, calculated in-plane lattice parameters a and b
(Å) and angles α, and lattice mismatch δa, δb with respect to the (1×1)-
(001) surface unit cell of β -cristobalite (a = b = 4.89 Å, α=90◦).

Metal unit cell a, b (Å) δa, δb (%) α

Ti hcp (2
√

2×
√

2)-(1120) 4.62, 5.04 -5.5, +3.1 90
Cr bcc (2×2)-(110) 4.88, 4.88 -0.2, -0.2 109.5
Fe bcc (2×2)-(110) 4.86, 4.86 -0.6, -0.6 109.5
Ni fcc (

√
2×
√

2)-(001) 4.94, 4.94 +1.0, +1.0 90

The surface energies of non-stoichiometric terminations de-
pend on the oxygen chemical potential µO, which we refer to
the total energy of a free oxygen molecule EO2 : µO = 1

2 EO2 +
∆µO. ∆µO ∼ 0.0 eV corresponds to oxygen-rich conditions (con-
densation of oxygen molecules) and ∆µO ∼−4.7 eV to extremely
oxygen-poor conditions (decomposition of bulk SiO2).

Interface calculations The simulations of metal/SiO2 inter-
faces make use of the same asymmetric SiO2 slabs with metal
films deposited on their bare terminations. Tab. 1 summarizes
the orientations of the metal films and the interface coincidence
cells used in the calculations, together with the corresponding in-
terface mismatch for the lattice parameters and angle. We have
systematically used deposits of 9 metal layers for Ni, Fe and Cr,
and 12 layers for Ti slabs which have lower surface density. In or-
der to minimize the interfacial strain, the lattice parameters and
angles are fixed to the average between the values for the silica
and metal surface unit cell. The most stable interface configu-

rations are obtained from a series of independent optimizations,
starting from various interface registries between the two lattices.

The interface strength is estimated from the separation energy:

Esep =−(ESiOx/metal−Ea−slab−Emetal)/S (2)

where Emetal/SiOx
, Ea−slab and Emetal are the total energies of the

metal/SiOx heterostructure, of the isolated silica slab and of the
metal one respectively (all with the same in-plane lattice param-
eters), and S is the surface of the average cell described above.
The interface stability is estimated from the interface energy:

Eint = σSiOx +σmetal−Esep (3)

with σSiOx and σmetal being the surface energies of SiOx and metal
surfaces, respectively, computed using the average unit cell in or-
der to be consistent with the separation energies.

In order to test the uncertainty created by our choice to deal
with the lattice mismatch, we have performed a single reference
calculation on a larger cell which provides a very good lattice
matching. This was done for the SiO2/Cr interface, as the Cr and
Fe cells display the largest mismatch with respect to the cristo-
balite unit cell (19.5◦ difference between angles). To this end, we
have used a SiO2(001)-(3x4) || Cr(110)-(5

√
2x5
√

2) coincidence
cell, where the (

√
2x
√

2) is referring to the rectangular Cr surface
unit cell (see Fig. S1 in the Supplementary Information). With
this choice, the two cells have the same angle and only a +3%
and −3% mismatch in the lattice parameters. We obtain in this
way a separation energy of 2.86 Jm−2, to be compared to 3.02
Jm−2 obtained using the (1x1)-SiO2 unit cell and average lattice
parameters and angle (see section 3). We conclude that the the
latter choice is sufficient to accommodate the interfacial strain
and give accurate results within a margin of ∼0.15 Jm−2.

3 Results

3.1 Interface structures

Fig. 2 shows the optimized structures of the metal deposits in
contact with the stoichiometric and non-stoichiometric (001) ter-
minations of β -cristobalite and highlights the interfacial M-O and
M-Si bonds. The number of bonds per unit cell at each interface is
summarized in Tab. 2 (the maximum length of M-Si bonds is set
to 2.8 Å, the sum of the covalent radii of Si and the largest metal
atoms). Some trends along the transition metal series are com-
mon to all interfaces. Interfaces with nickel and iron display very
similar structures, resembling to a large degree a juxtaposition of
the bare surfaces. Chromium and titanium interfaces show larger
distortions of both metal and oxide lattices with the formation of
additional M-O bonds.

Specifically, the characteristics of non-polar interfaces depend
very strongly on the nature of the deposited metal. As will be
discussed in Sec. 3.4, the M/D2-SiO2 configurations, involving in-
tact interfacial siloxane rings, are systematically less stable than
the M/SiO2 ones, where these rings are broken. When relaxing
the interface structure starting from a M/D2-SiO2 configuration,
the siloxane rings are preserved for M=Fe,Ni, and a single M-O
bond per reconstructed (2x1) surface cell is formed. However, the
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Fig. 2 Schematic representation of the optimized structures of
metal/SiO2(001) interfaces for Ti (left), Cr (middle), Ni and Fe (right),
and different β -crystobalite surface terminations (top to bottom). Si and
O atoms are shown with large blue and small red balls, respectively.

Table 2 Number of interfacial M-O and M-Si bonds per unit cell at
silica/metal interfaces (the cutoff distance for defining a M-Si bond is
set to 2.8 Å). The D2-SiO2 has double cell surface area with respect to
the other terminations.

Ti Cr Fe Ni
M-O
SiO 2 1 0 0
SiO2 4 4 3 3
D2-SiO2 - - 1 1
SiO3 5 5 4 4
M-Si
SiO 5 4 4 4
SiO2 1 3 3 3

siloxane rings break spontaneously for M=Cr,Ti, and the interface
relaxes to a M/SiO2 configuration. The existence of metastable
M/D2-SiO2 configurations for iron and nickel indicates that en-
ergy barriers prevent the interface siloxane rings from break-
ing, similarly to what was found for Zn/SiO2 interfaces.34 Con-
versely, the disappearance of the reconstruction when titanium
and chromium are deposited is a signature of a much stronger
metal/oxide interaction, consistently with the higher tendency of
early transition metals to be oxidized. Once siloxane rings are
broken, the M/SiO2 interfaces display a smaller structural de-
pendence on the metallic specie. The undercoordinated oxygen
atoms at the cristobalite surface interact with the metal, forming
two bonds with nickel and iron and three with chromium and tita-
nium. Interestingly, in all cases a distortion of both metal and ox-
ide lattices enables also a formation of one M-O bonds involving
sub-surface oxygens. In addition, weaker M-Si bonds are formed
in all cases (three for M=Cr, Fe, Ni and only one for Ti, owing to
the less dense surface structure of the latter).

At the M/SiO interfaces, due to the absence of under-
coordinated surface anions, the interfaces are dominated by M-Si
bonds formed between the surface silicon atoms and the metal
deposits. The number of M-Si bonds is essentially constant along
the series (four per interface unit cell), but an additional such
bond can be identified in the case of Ti, again due the different
surface structure. We recall that only two M-Si bonds per inter-
face unit cell are formed at the corresponding Zn/SiO interface34.
Only in the cases of Cr and Ti, M-O bonds involving sub-surface
oxygens are also formed.

For the oxygen-rich M/SiO3 interfaces, in all cases the metal
deposit forms bonds with the surface oxygens, breaking the per-
oxo groups present on the silica surface. The full coordination of
silicon atoms prevents the formation of any M-Si bonds. A struc-
tural distortion allows the formation of an additional M-O bond
for M=Cr,Ti. In the case of chromium, such distortion is concen-
trated in the metal deposit, while for titanium it occurs in the
silica lattice. We note that, especially for the most electropositive
metals, the excess oxygen at the interface could diffuse inside the
metal deposit forming an interfacial oxide layer, depending on
the energy barriers for breaking the Si-O bonds and for oxygen
diffusion. Exploration of this kind of interface configurations is
beyond the scope of the present work.
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Table 3 Atomic Bader charges of interfacial silicon and oxygen atoms
(QSi and QO respectively) and total charge of the metal deposits Qtot

M (e)
at the silica/metal interfaces. As a reference in bulk silica QSi = 3.18 e
and QO = -1.59 e.

Ti Cr Fe Ni Bare
SiO
QSi 0.19 1.15 1.51 1.73 1.61
Qtot

M 1.43 0.43 0.07 -0.18 -
SiO2
QSi 1.64 1.93 2.26 2.49 2.96
QO -1.47 -1.36 -1.30 -1.28 -1.25
Qtot

M 1.45 1.02 0.62 0.34 -
D2-SiO2
QSi (x2) - - 3.15 3.15 3.17
QO (x2) - - -1.62 -1.57 -1.56
Qtot

M - - 0.12 0.06 -
SiO3
QSi 3.16 3.16 3.15 3.14 3.08
QO (x2) -1.47 -1.40 -1.33 -1.27 -0.65
Qtot

M 1.43 1.26 1.19 1.00 -

3.2 Electronic structure
The electronic characteristics of the series of interfaces (Bader
charges in Tab. 3 and projected density of states shown in Fig. S2
in the Supplementary Information) corroborate the insight pro-
vided by their atomic structures. Independently of the interface
polarity, the charge transfer Qtot

M decreases along the transition
metal series, with titanium transferring the largest amount of
electrons to silica and nickel the smallest. This is consistent both
with the variation of the number of interfacial M-O bonds and
with the trends of electronegativity and electron affinity along the
metal series (see Sec. 4). The charge accepted by the metal de-
posit is mostly localized in the interfacial layer and on the atoms
which form M-O bonds, especially for Ti and Cr.

The smallest charge transfers occur at the M/D2-SiO2 interface
(M=Fe, Ni). In this case the charges of the bare silica substrate
are already close to their bulk values, and the very small variation
upon depositing the metal, together with the very small degree of
M-O hybridization visible in the DOS (see Fig. S2), confirm the
weakness of the interaction. The M/SiO2 interface displays sig-
nificantly larger charge transfers, which are maximal for M=Ti
and decrease along the series. The electrons transferred from the
metal deposits are principally localized on surface cations, with
oxygen atoms accommodating at most 15% of the transferred
charge. Silicon charges QSi are in all cases smaller than those
at the bare SiO2 surface, and increase along the transition metal
series concomitantly with decreasing charge transfers. The low-
est value (for M=Ti) is only 55% of the one at the bare surface
and close to the one at oxygen-poor surfaces, suggesting a Si2+

oxidation state.
The electronic structure at the oxygen-poor M/SiO interface

shows significant similarities, despite the polarity resulting in the
presence of Si2+ cations already on the bare surface. Only in
the case of Ni the metal accepts a small fraction of the excess
electrons localized on the surface Si2+. For the other more elec-
tropositive metals, the direction of the electron transfer is from
the metal to the oxide. The amount is negligible for iron, but

becomes progressively larger for chromium and titanium, where
direct M-O bonding is observed in both structures and projected
density of states (see Fig. S2). Indeed, the silicon oxidation state
approaches Si0+ for the Ti/SiO interface.

The picture is rather different for the M/SiO3 interfaces. In
this case, the breaking of the surface O2−

2 groups allows interfa-
cial anions to accept additional electrons from the metal, which
heals the surface polarity. Oxygens atoms approach the O2− bulk-
like oxidation state, with values of Bader charges very similar to
those of the SiO2 interfaces. Conversely, the cationic charges are
unchanged and close to both bulk and surface values. This re-
sults in a value of interfacial charge transfer which is much less
dependent on the specific metal deposit with respect to M/SiO
and M/SiO2 interfaces.

3.3 Separation energies
Separation energies obtained for the four interface configurations
are summarized in Tab. 4.

The lowest values are obtained for the M/D2−SiO2 interfaces
(M=Fe, Ni), confirming the picture inferred from the structural
and electronic properties. Indeed, as previously observed for
zinc deposits, if the fully coordinated siloxane rings are pre-
served at the interface the adhesion is extremely weak. Con-
versely, M/SiO2 interfaces where the silica reconstruction is ab-
sent display moderate-to-strong adhesion strengths. Concern-
ing non-stoichiometric interfaces, we find that the oxygen-rich
ones (M/SiO3), which have the largest number of metal-oxygen
bonds, produce systematically the strongest metal-oxide interac-
tion. Oxygen-lean interfaces (M/SiO) display moderate adhesion
strengths despite the low number (Ti and Cr) or absence (Fe and
Ni) of metal-oxygen bonds.

Table 4 (top) Separation energies Esep (J/m2) of metal/silica interfaces as
a function of the metal and of the silica surface termination, and minimal
separation energy at the oxygen-rich interfaces when considering metal
decohesion (SiO3+M, see text). The separation energy M/M within the
metal (i.e. 2Esurf) is reported for comparison. (bottom) Interface energies
Eint for the SiO2 and D2-SiO2 interfaces.

Ti Cr Fe Ni

Separation energies

SiO 2.44 1.86 1.23 1.99
SiO2 3.69 3.02 2.44 2.28
D2-SiO2 – – 0.36 0.34
SiO3 6.44 5.77 4.17 4.05

SiO3 +M 3.90 4.08 2.71 3.47
M/M 4.27 7.28 5.54 5.34

Interface energies

SiO2 0.73 2.88 2.59 2.65
D2−SiO2 - - 3.38 3.35

The overall behavior of Esep along the series of metals is quali-
tatively the same for M/SiO2 and M/SiO3 interfaces, despite the
differences in structure and type of interface bonds. Indeed, the
above discussed progressive decrease of the amplitude of interfa-
cial structural and electronic interactions from titanium to nickel
along the series is clearly reflected in a progressive decrease of
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the interface strength. A similar trend is present also for M/SiO
interfaces, with the exception of the Ni/SiO one which displays
an higher separation energy than both Fe/SiO and Cr/SiO. This
correlates very well with the charge transfer at the interface, as
nickel is the only metal to accept electrons from the undercoordi-
nated cations, screening the polarity of the oxygen-poor surface.
Indeed, the lowest interface strength among M/SiO interfaces is
obtained for iron, which has also the lowest interfacial charge
transfer in absolute value.

Metal decohesion The strength of the silica/metal junction cor-
responds to the minimum separation energy within the multicom-
ponent system. Metal decohesion can shift the preferred cleav-
age plane from the interface to a close-by position within the
metal deposit, as we have shown for oxygen-rich silica/zinc inter-
faces.34 Therefore, we have estimated to what extent the inter-
facial charge transfer and the partial metal ionization impact the
bonding within the different metal deposits. In previous studies,
this effect was found to be significant only at oxygen-rich inter-
faces37, and the minimal separation energy was reached when a
number of metal atoms close to that needed to compensate the
surface polarity was left on the oxide surface.34 Therefore, we
have tested whether the separation energies decrease when one
metal atom per O2−

2 group is left on the silica surface, breaking
the peroxo group and compensating the surface polarity. As seen
in Tab. 4, the separation energies are lower than both the ones
obtained for interfacial M/SiO3 cleavage and the ones obtained
for cleavage within the metal deposit (i.e. twice the metal surface
energy), pointing towards a degree of metal decohesion. The in-
terface strength remains however relatively high and larger than
the one of non-polar interfaces for all metals considered.

3.4 Interface energies

The interaction with the metal deposits strongly influences the
stability of the different cristobalite terminations. The interface
energies of stoichiometric interfaces, which are independent of
the chemical potential, are reported in Tab. 4. In contrast to
the case of bare silica surfaces, the M/D2-SiO2 configurations, in-
volving intact interfacial siloxane rings, become less stable with
respect to the M/SiO2 ones, where the rings are broken, also for
iron and nickel deposits, which do not induce ring breaking. This
is explained by the very weak interaction across the D2-SiO2 in-
terface, and specifically by the fact that only one weak M-O bond
per (2x1) surface cell can be formed if the surface reconstruction
is preserved. Polar terminations are stabilized in a wide range
of oxygen chemical potentials (see Fig. S3 in the Supplemental
Information). This effect results from the screening of surface po-
larity and from the formation of M-O bonds, as discussed above
for the separation energies. Indeed, the Ti/SiO3 and Cr/SiO3 in-
terfaces are stable over the widest range of chemical potentials,
and the Ni/SiO interface is also substantially stabilized. We note
however that non-polar interfaces will remain the most relevant
when the metal is deposited on a bare silica surface.

The values of the M/SiO2 interface energies, reported in Tab.
4, represent well the trends of interface stability along the metals
series, as polar terminations behave similarly to non-polar ones in

this respect (see Fig. S3 in the Supplementary Information). We
recall that interface energies can be interpreted as a difference of
surface and separation energies (Eq. 3). The interface energies
for M=Cr,Fe,Ni are very similar, which arises from a compensa-
tion between the metal surface energies and the metal-oxide in-
teraction. Conversely, the Ti/SiO2 interface energy is very low, as
titanium displays both the lowest surface energy and the strongest
interaction with silica. In this respect, we note that titanium ox-
idizes in slightly more oxygen-poor conditions than silicon (see
Sec. 4). The low values of interface energy, which become even
negative for the Ti/SiO3 interface in oxygen-rich conditions, may
then reflect a preference of titanium for oxidizing if energy barri-
ers for oxygen diffusion can be overcome.

4 Discussion
In the following, we first analyze how the trends of interfacial
charge transfer are related to the electronegativities and oxygen
affinities of the transition metals. We then discuss the similari-
ties and differences between the interaction of silica and alumina
stoichiometric surfaces with metal deposits. Finally, we analyze
whether, similarly to alumina,39 the presence of a multicompo-
nent metallic buffer may enhance adhesion at zinc/silica inter-
faces.

4.1 Trends in interface charge transfer
As discussed in Sec. 3.2, the interfaces of all stoichiometries dis-
play a charge transfer towards the metal deposit which decreases
along the transition metal series. The oxidation of the metal de-
posits is accompanied by a reduction of interface silicon cations.
The trend along the metal series can be principally linked to the
values of the metal electronegativity χM, or, alternatively, to the
affinity towards oxygen quantified by the critical values of oxygen
chemical potential above which metal oxidation is thermodynam-
ically favored:

∆µ
c
O = ∆fH0/NO (4)

where ∆fH0 is the standard enthalpy of oxide formation at
298.15K56,57 and NO is the number of oxygen atoms per formula
unit. We note that the ∆µc

O values obtained from DFT formation
energies are very similar to those deduced from the standard en-
thalpies of formation (see Fig. S4 in Suppl. Info.).

∆µc
O and χM have a similar behavior (see Fig. 3). Both increase

along the transition metal series and decrease again for zinc (see
Tab. 5), a trend which is mirrored in interfacial charge trans-
fers. Specifically, the higher electronegativity of nickel compared
to other metals explains why the charge transfer at the Ni/SiO in-
terface has an opposite sign with respect to all other cases. Con-
versely, as titanium is the least electronegative metal and ∆µc

O of
titanium and silicon have similar values, a pronounced reduction
of Si cations at interfaces with metallic Ti is indeed to be expected.

4.2 Comparison between M/SiO2 and M/Al2O3 interfaces
The interaction between Al2O3(0001) surfaces and metal deposits
is discussed in detail in Refs. 38,39,45. A typical alumina/metal
interface structure is recalled in Fig. 4. The stoichiometric alu-
mina surface is Al-terminated, but three subsurface oxygen atoms
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Fig. 3 Critical values of oxygen chemical potential ∆µc
O at which oxida-

tion of the metallic species considered in this study is thermodynamically
favored, deduced from the experimental standard enthalpies of oxide for-
mation ∆H f (298.15 K) per oxygen atom56,57 , and electronegativities χM
of the same metals.

per unit cell are undercoordinated and can form O-M bonds
across the interface. In the following we compare the thermo-
dynamically stable (i.e. non-reconstructed) stoichiometric inter-
faces of alumina and silica.

In Tab. 5 we summarize the most relevant structural and elec-
tronic properties of the two interfaces. The first factor that we
consider is the number and length of interfacial M-O bonds. Three
M-O bonds per unit cell are systematically formed across M/Al2O3

interfaces, while at M/SiO2 interfaces three (for M=Fe, Ni, Zn)
or four (for M= Ti, Cr) bonds are formed. At the same time,
the surface area of the Al2O3 unit cell is ∼ 20% smaller, with
the result that the bond density at M/Al2O3 is somewhat larger
for late transition metals and somewhat lower for early transition
metals with respect to M/SiO2 interfaces. However, M-O bonds
are systematically longer for M/Al2O3 interfaces, a characteristics
which is particularly evident for the case of a zinc deposit. This
is caused by the alumina surface structure, which is terminated
by an Al cation. The steric repulsion causes the interfacial M-O
bonds to be elongated and thus weaker. Note that for interfaces
with silica, only the M-O bonds which involve subsurface oxygen
atoms (one per unit cell, see Sec. 3) are significantly elongated.

The trends of the interfacial charge transfers along the metal
series are similar for alumina and silica (Tab. 5, see also Sec. 3.2
and 4.1). The main difference between the two oxides is a smaller
charge transfer at the interfaces involving alumina, particularly
pronounced for late transition metals and less so for titanium.
This is partially due to the structural differences described above.
Indeed, longer and weaker M-O bonds at alumina interfaces re-
sult in lower charge transfer values. More importantly, the ∆µc

O
for oxide formation is significantly lower for alumina than for sil-
ica. Therefore, Al cations are less prone to be reduced at the inter-
face, contributing to the smaller charge transfers. Zinc transfers
a moderate amount of the electrons at the interface with SiO2, as
expected from the Zn oxygen affinity, but a negligible amount at
the interface with Al2O3. This is a consequence of the particularly

Fig. 4 Schematic representation of the Ni/Al2O3(001) interface (the
structure of other M/Al2O3 interfaces is qualitatively similar). Alu-
minium, oxygen and nickel atoms are represented by large blue, small
red and medium grey balls respectively.

long Zn-O bond lengths at the latter interface, which prevent zinc
oxidation.

The separation energies at the oxide/metal interfaces are com-
pared in Fig. 5. The trend along the metal series is overall similar,
with a decrease of the adhesion strength along the metal series
(see also Sec. 3), but the adhesion energies for M/Al2O3 inter-
faces are lower by about 1 J m−2. Two factors can rationalize this
difference. The first is the different surface structure of the two
oxides, which results in more elongated and weaker M-O bonds at
alumina/metal contacts. The second is the lower electronegativ-
ity of Al, which contributes to a smaller interfacial charge transfer
and metal/oxide interaction.

The same factors which cause the difference in separation en-
ergies affect the interface energies as well (Fig. 5), as interface
energies can be obtained as a difference of surface and separation
energies (Eq. 3). We recall here that the silica and alumina sur-
face energies are 2.2 J m−2 and 1.9 J m−2, respectively, and that
the zinc surface energy is 0.6 J m−2. The trend along the metal
series is the same for silica and alumina, with relatively low Eint

for Ti and Zn due chiefly to the low surface energies of the metals,
and very similar Eint values for Cr, Fe and Ni which result from a
compensation between separation and surface energies (see also
Sec. 3.4). M/Al2O3 interface energies are higher by ∼ 0.5 Jm−2,
as a consequence of the lower separation energies at alumina in-
terfaces.

4.3 Stainless steel buffers at the SiO2/Zn interface
In the following, we will make use of the results discussed in
the previous section in order to estimate whether stainless steel
buffers can be used to improve the silica/zinc interface strength.
We recall that stainless steel buffers, with a composition around
75%Fe, 12.5%Cr and 12.5%Ni, have been found to greatly in-
crease the adhesion at the alumina/zinc interface.39 For a non-
oxidized buffer, the adhesion improvement resulted directly from
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Table 5 Atomic charges of the oxide cations QSi and QAl, total charge of the metal deposits Qtot
M , number NM−O of metal-oxygen bonds per unit cell,

and their length dM−O at the non-polar M/SiO2 and M/Al2O3 interfaces.

Ti Cr Fe Ni Zn Bare surf.

M
/S

iO
2

QSi (e) 1.64 1.93 2.26 2.49 2.31 2.96
Qtot

M (e) 1.45 1.02 0.62 0.34 0.71
NM−O 4 4 3 3 2
dM−O(Å) 1.96,2.06 1.97,2.02 1.95x2 1.94x2 1.97x2

2.14,2.25 2.13,2.2 2.28 2.18
M

/A
l 2

O
3

QAl (e) 1.15 1.93 2.07 2.22 2.26 2.41
Qtot

M (e) 1.19 0.42 0.19 0.08 0.09
NM−O 3 3 3 3 3
dM−O(Å) 2.27-2.44 2.06 2.06, 2.11 2.05x3 2.71x3

2.2x2 2.16

Fig. 5 Comparison of the separation energies (top) and interface energies
(bottom) at non-polar M/SiO2 and M/Al2O3 interfaces.

the high strength of the interfaces between transition metals
(TMs) contained in steel, most importantly the predominant iron
component, and both alumina and zinc. Notably, however, this
improvement held also if the buffer was partially oxidized.39 In
this case, the strong adhesion relied on the segregation of transi-
tion metal oxides at the interface with alumina, and the resulting
suppression of the weakly interacting oxide/zinc and moderately
strong alumina/metal interfaces. We stress that in Ref. 39 the in-
ternal structure of the buffer was optimized by a Monte Carlo ap-
proach. Nevertheless, the qualitative results can be very well un-
derstood in terms of minimization of the sum of all interface ener-
gies across the oxide/stainless steel/zinc superstructure. Specifi-
cally, it was found that the metal/oxide interface energies are sys-
tematically larger than oxide/oxide ones, and metal/metal inter-
face energies are zero or negative owing to the tendency of met-
als to alloy. As a consequence, the buffer arranged itself to have
a single metal/oxide interface, causing the segregation of transi-
tion metal oxides near alumina. In analyzing the SiO2/stainless
steel/Zn superstructure, we will therefore also base our reason-
ing on the relative values of metal/metal, oxide/oxide and ox-
ide/metal interface energies.

In oxygen-lean conditions, none of the components of the
buffer are oxidized. If the silica surface is reconstructed, it has
a high interface energy with iron and nickel but a lower one
with chromium (see Fig. 5). Chromium has then a thermody-
namic preference for segregating at the interfaces, and promote
the breaking of surface siloxane rings. Once the siloxane rings
are broken, the transition metals have similar interface energies
with silica, as in the case of alumina. The buffer is then expected
to have the same internal structure, with a prevalence of iron
and chromium at the interface with silica and iron and nickel at
the interface with zinc. As silica/metal separation energies are
larger than alumina/metal ones (see Fig. 5), the steel buffer will
perform as well or better for enhancing zinc adhesion on silica
compared to alumina.

In intermediate oxygen conditions, chromium and possibly iron
oxides will form in the buffer. In this case there are two possible
scenarios, shown schematically in Fig. 6. The first possibility is
that the transition metal oxides (TMOs) segregate near the silica.
The second is that the TMOs are found between two metals, either
in the central part of the steel buffer or between the transition
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Fig. 6 Schematic representation of two possible ordering of a stainless
steel buffer at an oxide/zinc interface.

metals (TMs) and zinc. The total interface energy for the two
buffer configurations is:

E1
buf = ESiO2/TMO

int +ETMO/TM
int +ETM/M

int +EM/Zn
int

E2
buf = ESiO2/TM

int +ETM/TMO
int +ETMO/M

int +EM/Zn
int (5)

and which configuration is stable depends on the sign of the en-
ergy difference:

∆Ebuf = ESiO2/TMO
int +ETM/M

int −ESiO2/T M
int −ET MO/M

int (6)

We recall here that the interface energies between TMOs and met-
als ETMO/M

int are in the range 0.5—1.5 J m−2 and ETM/M
int ≤ 0,39

while ESiO2/TM
int is in the range 2.6—2.9 J m−2. Therefore

∆Ebuf ≤ ESiO2/TMO
int −3.1 J m−2. We have no quantitative estima-

tion of ESiO2/TMO
int , but considering the low values normally found

for oxide/oxide interface energies37,39 (often in the range 0.5—
1.0 J m−2) we expect ∆Ebuf to be significantly negative. As a
consequence, the segregation of TMOs near silica will be thermo-
dynamically favored. As oxide/oxide interfaces have strong ad-
hesion properties,28,37,39 and the remainder of the buffer will be-
have as in the case of alumina substrates, formation of chromium
or iron oxides is not expected to degrade the performance of the
multicomponent buffer.

As a final point, we examine if mixing of silica with transition
metal oxides, resulting in the formation of ternary oxides, could
influence the performance of the buffer. Chromium silicates are
not normally found,58 and indeed chromia does not mix with sil-
ica on the surface of oxidized steels,13 but iron silicate Fe2SiO4

is a common ternary oxide in the form of the mineral fayalite.59

However, the critical oxygen chemical potential for the formation
of fayalite from iron and silica is only slightly lower (by 0.1 eV)
than the µc

O value for Fe2O3 formation. Therefore, chromium will
be the first transition metal to oxidize independently of the pres-
ence of silica, and chromium oxide segregation at the interface
will prevent iron silicate formation.

5 Conclusions
In summary, relying on DFT calculations, we report a thorough
and systematic fundamental study of polar and non-polar inter-
faces between β -cristobalite and several 3d transition metals and
provide a full set of corresponding state-of-the-art structural, elec-

tronic, and energetic interface characteristics. We find a progres-
sive decrease of the metal/silica separation energy along the tran-
sition metal series from Ti to Ni, independently of the precise in-
terface stoichiometry and structural characteristics. The trend is
to be principally linked to the behavior of metal electronegativ-
ity and of its affinity towards oxygen, which drive a decrease of
electron transfers along the series.

We find that, at non-polar interfaces, whether the silica surface
reconstruction, exposing fully saturated siloxane rings, remains
intact at the interface is crucial for adhesion strength. The metal
deposit induces in all cases a stability reversal between the unre-
constructed SiO2 and the reconstructed D2−SiO2 configurations,
and makes the interfacial siloxane rings thermodynamically un-
stable. However, late transition metals (Ni and Fe) do not induce
a spontaneous ring breaking, leading to very weak adhesion sim-
ilarly to zinc. At interfaces with Cr and Ti deposits, conversely,
the reconstruction is lifted without energy barriers, resulting in
moderate-to-strong interface strength. At interfaces where the
reconstruction is lifted, the resulting trends in interface and ad-
hesion energies are similar to those found at alumina/metal in-
terfaces, but with a stronger interaction which can be linked prin-
cipally to the difference in interface structures and to the lower
electronegativity of aluminium.

On the basis of the results obtained, we estimate that early
transition metal or stainless steel buffers can successfully improve
adhesion of anticorrosive zinc coatings on oxidized Si-rich steel
grades, of crucial importance in steel-making and automotive in-
dustries. More generally, the insight in behavior of metal/silica
interfaces gained in the present study may provide a useful ba-
sis in other fields of applications, such as electronics, catalysis or
nanotechnology.
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