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The weak interaction between zinc and silica is responsible for a poor performance of anti-
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corrosive galvanic zinc coatings on modern advanced high strength steels which are fundamental
in the automotive industry, and important for rail transport, shipbuilding, or aerospace. With the

goal of identifying possible levers for its improvement, we report an ab initio study of the effect
of surface hydroxylation on the adhesion characteristics of model zinc/B-cristobalite interfaces,
representative for various surface hydroxylation/hydrogenation conditions. We show that surface
silanols resulting from dissociative water adsorption at the most stable stoichiometric (001) and
(111) surfaces prevent strong zinc-silica interaction. However, dehydrogenation of such interfaces
produces oxygen-rich zinc/silica contacts with excellent adhesion characteristics. They are due to
a partial zinc oxidation and the formation of strong iono-covalent Zn-O bonds between zinc atoms
and the under-coordinated excess anions, remnant of the hydroxylation layer. Interestingly, these
interfaces appear as the most thermodynamically stable in a wide range of realistic oxygen-rich
and hydrogen-lean environments. We also point out that the partial oxidation of zinc atoms in
direct contact with the oxide substrate may somewhat weaken the cohesion in the zinc deposit
itself. This fundamental analysis of the microscopic mechanisms responsible for the improved
zinc wetting on pre-hydroxylated silica substrates furnishes useful guidelines towards practical

attempts to improve adhesion.

1 Introduction

Galvanic zinc protection of iron-based materials has long proved
its efficiency since zinc sacrificially corrodes to protect steel.!
However, with the advent of advanced high strength steels
(AHSS), 27 the optimization of anti-corrosive galvanic zinc coat-
ings faces new challenges. Indeed, the recrystallization annealing
of AHSS strips in a reducing atmosphere provokes a selective ox-
idation of light strengthening elements (Al, Si, and Mn) and the
segregation of their oxides to the steel surfaces, which dramati-
cally reduces the zinc adhesion.®? In particular, the recrystalliza-
tion annealing of Si-alloyed steels may lead to the formation of a
quasi-continuous amorphous silica film on the steel top surface.®
With the introduction of the new industrial process of Jet Vapor
Deposition (JVD) of zinc under vacuum 10,11 "3 much better con-
trol of the industrial zinc/steel interface becomes possible. An
assessment of zinc/silica interactions under different thermody-
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namic conditions will help to obtain a more precise understand-
ing of the microscopic mechanisms responsible for the interfacial
strength and to define appropriate process parameters promoting
the adhesion of zinc coating on Si-alloyed grades.

While many theoretical studies have been dedicated to the ad-
hesion of transition and noble metals on various wide-gap oxide
surfaces, 12716 the same is not necessarily true for silica. Taking
into account the limited use of large size simulation models, 17-20
the strategy often adopted in the past consists of mimicking amor-
phous silica surfaces by those of one of its crystalline polymorphs.
Within this strategy, beyond the existing studies on Cu or Ag in
contact with cristobalite,?1-?2 and Ni, Al, Ag, or Pt interacting
with quartz,23-26 we have recently analyzed zinc/S-cristobalite
interfaces.?”. We have shown that the most stable stoichiomet-
ric terminations expose two-member Si-O rings, which have also
been identified in models of dehydroxylated amorphous silica. 2°
According to our results, the interaction of zinc with intact sur-
face siloxanes is very weak, but it can be considerably enhanced
if the siloxane rings are broken. Surface pre-hydroxylation may
be a promising way to achieve this. Moreover, it has been shown
that reaction of metal adatoms with surface OH groups on pre-
hydroxylated alumina results in a formation of strongly bound
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oxidized species, 2832 and leads to a substantial improvement of
zinc adhesion. 33,

In the present study, we investigate the effect of silica pre-
hydroxylation on zinc adhesion. To this goal, we rely on the exist-
ing B-cristobalite hydroxylated surface models,27-34-38 and focus
particularly on (001) and (111) terminations, which expose the
two types of experimentally identified surface silanols, namely
the single silanols (a single hydroxyl attached to a surface Si)
and the geminal silanols (two hydroxyls attached to the same sur-
face Si).3°-#! By analyzing the nature and strength of zinc-silica
interaction as a function of water, oxygen, and hydrogen ther-
modynamic conditions we show that, while zinc interaction with
hydroxylated surfaces is weak, a significant improvement can be
obtained by interface dehydrogenation. We argue that the rein-
forced interaction is driven by the interface charge transfer and
the iono-covalent Zn-O bonds formed between the zinc deposit
and the under-coordinated excess interfacial anions, remnant of
the hydroxylation layer.

The paper is organized as follows. After presenting the details
and settings of the computational approach in Sec. 2, in Sec.
3 we (i) briefly describe the hydroxylated surface configurations
used in the study, (ii) summarize the results on zinc interaction
with fully and partially hydroxylated cristobalite surfaces and (iii)
report our findings on the effect of interface dehydrogenation.
The results are discussed in Sec. 4.

2 Computational methods and settings

All calculations are performed within the Density Functional The-
ory (DFT) implemented in VASP (Vienna ab initio simulation
package).*>43 The interaction of valence electrons with ionic
cores is described within the projector augmented wave (PAW)
method. 4445 The Kohn-Sham orbitals are developed on a plane-
wave basis set with a cutoff energy of 400 eV and the self-
consistent iterative solution of the electronic Hamiltonian is pur-
sued until energy differences become less than 10~° eV. The
dispersion-corrected GGA (optB86-vdW) exchange-correlation
functional 68 is used to improve the description of adhesion
characteristics, especially at weakly interacting zinc/silica inter-
faces. Atomic charges are estimated with the partition scheme
proposed by Bader,%?-°0 and atomic configurations are plotted
with VESTA. >!

Bulk calculations Following the results and discussion in Re
the present study employs the 142d structural variant of the §-
cristobalite. We find that with a I'-centered 6x6x6 Monkhorst-
Pack grid the calculated structural characteristics (lattice param-
eters, bond lengths, and angles) are converged to within 0.01 A
and 0.01°, respectively, and the formation energies are converged
to 0.01 €V/Si0,. In Ref.2” we have shown that the calculated and
the experimental bulk characteristics are in a good overall agree-
ment.

52
f.>4,

Surface calculations We consider the most stable stoichiometric
(001) and (111) terminations of B-cristobalite, %’ which are char-
acterized by different orientations of the surface SiO, tetrahedra,
by a different coordination of surface Si atoms, Fig. 1, and which
are terminated by geminal and/or isolated silanol groups upon
hydroxylation.

2| Journal Name, [year], [vol.],1—-9

(001): 0 ML (001): 0 ML (D)

(111): 0 ML (511): 0 ML (Dy)

Fig. 1 Relaxed bare stoichimetric (001) (top) and (111) (bottom)
surfaces of B-cristobalite: configurations with broken (left panels) and
intact (right panels) surface two-member siloxane rings (D,). Si, O, and
H atoms are represented by large blue, medium red, and small white
balls, respectively and surface unit cells used in the calculations are
indicated.
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All surfaces are modeled with asymmetric silica slabs, with the
top termination used for the study and the fully hydroxylated bot-
tom one (N water molecules per surface unit cell), separated by
at least 10 A of vacuum. Dipole corrections are used to attenuate
the effect of periodic boundary conditions in the direction normal
to the slab surfaces. 4253 Except for the surface Si atoms at the
bottom termination which are kept fixed, all other atoms are re-
laxed until forces become smaller than 0.01 eV A~!. With such
settings 9 and 5 SiO, layers, Fig. 1, respectively, are sufficient to
converge surface energies of (001) and (111) surfaces to within
0.01 J/m?.

The total surface energy of the asymmetric slabs is the sum
of surface energies of their top Osio,(H,0,) and their bottom
05i0,(H,0)y terminations:

05i0, (H,0p) T 0810, (H,0)xy =

(Bl — B — npy — mpo — NEg,0) /S )

where E2—slab, Eg%‘z , and Eg,o are the total energies of the
asymmetric slab, of bulk SiO,, and of a free water molecule,
respectively. n and m are the numbers of H and O atoms ad-
sorbed at the top surface of the slab (per unit cell of area S), re-
spectively, and uy and pp are the corresponding chemical poten-
tials. Since the evaluation of oo, (1,0, requires the knowledge
of Osio0,(H,0)y = (Esslab Egti‘(ljkz - 2NEn,0)/2S, the total energy
ESslab of a symmetric stoichiometric cristobalite slab with both
terminations equivalently hydroxylated with N water molecules
each is also calculated.

The composition of the hydroxylation layer is quantified by
the numbers of its hydrogen (n) and oxygen (m) atoms (per
unit cell) and on their chemical potentials yy and pp. When
n = 2m, since 2muy + mpo = mpy,0, a reference to the m wa-
ter molecules is also possible. Each chemical potential puy
(X=H,0,and H,0) is conventionally referred to the total en-
ergy Ex of a corresponding free molecule: ux = Ex/M +
Aux (M = 1 for water and 2 for di-hydrogen and di-oxygen
molecules), such that Aux ~ 0.0 €V corresponds to the conden-
sation of molecules at the surface. Chemical potential uyx can
be further explicitly linked to the thermodynamic conditions of
the corresponding gas (partial pressure px and temperature 7):
Aux (T, px) = Aux (T, pox) + 1 /2kTIn(px /pox)-

Interface calculations The simulations of zinc/silica interfaces
make use of the above asymmetric slabs with zinc films de-
posited on the top terminations only. As in Ref.?’, we
have used rectangular (2x2)Zn(0001)//(1x2)SiO,(001) and
(4%x2)Zn(0001)//(1x1)Si0,(111) coincidence cells, with the in-
plane lattice parameters fixed to those of bulk silica. We have ver-
ified that despite the distortion, the zinc deposits preserve their
hexagonal lattice and (0001) orientation and that their surface
energies 0z, are modified by less than 0.2 J/m?. We have sys-
tematically used 9 zinc layers, which assures a convergence of
surface and interface energies to within 0.01 J/m?. In all calcu-
lations, the positions of all atoms (except for the surface silicon
atoms at the bottom slab termination) are relaxed until residual
forces become smaller than 0.01 eV A~!. The most stable in-
terface configurations are obtained from a series of independent

This journal is © The Royal Society of Chemistry [year]

(111): 1 ML

(001): 0.5 ML (001): 1 ML

Fig. 2 Fully and partially hydroxylated surfaces of 3-cristobalite. Top:
molecularly (left) and dissociatively (right) adsorbed 1 ML of water on
the (111) surface. Bottom: dissociative adsorption of 0.5 ML (left) and 1
ML (right) of water on the (001) surface. Si, O, and H atoms are
represented by large blue, medium red, and small white balls,
respectively.

optimizations, starting from various interface registries between
the two lattices.

The interface strength is estimated from the separation energy
EseP = (Eafslab + EZn EZn/afslab)/S’ where EZn/afslab, Eafslab’
and EZ" are the total energies of the Zn/SiO,(H,On,) heterostruc-
ture and of the isolated hydroxylated silica and Zn slabs with the
same in-plane lattice parameters. The interface stability is esti-
mated from the interface energy E™ = 05i0,(H,0,) T Ozn - E*P.

3 Results

We start with a brief description of the models of hydroxylated
B-cristobalite surfaces used in the present study. Thereafter, we
report results on zinc interaction with fully and partially hydrox-
ylated surfaces and on the effect of interface dehydrogenation on
the adhesion strength.

3.1 Hydroxylated B-cristobalite surfaces
Both molecularly and dissociatively adsorbed water can be stabi-
lized on the stoichiometric surfaces of the -cristobalite, as exem-
plified in the case of the (111)-oriented surface, Fig. 2. While
water molecules interact only weakly with intact surface silox-
ane rings (E,gs = 0.25 eV/H,0), ring breaking leads to a much
more stable dissociative adsorption configuration (E,qs = 1.69
eV/H,0). The large stability difference between the two config-
urations is consistent with the known hydroxylated character of
silica surfaces under realistic thermodynamic conditions. In the
following we will systematically focus on dissociatively adsorbed
water and, in addition to the fully hydroxylated (111) surface, we
will consider also fully and partially hydroxylated (001)-oriented
surfaces, Fig. 2.

While the fully hydroxylated (111) surface [single water
molecule per (111) surface unit cell] is characterized by isolated
silanols, the fully hydroxylated (001) one [two water molecules
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Fig. 3 Surface energies (J/m?) of hydroxylated surfaces of
B-cristobalite, as a function of water chemical potential Ay, o (€V).
Results for (001) and (111) terminations are given in top and bottom
panels, respectively. The surface energies of bare surfaces (0 ML) with
both intact (D,) and broken (dashed line) surface siloxane rings are
recalled.

per (001) surface unit cell] exposes geminal silanols which form
H-bonded chains along the [100] direction. Our lowest energy
configurations correspond to the most stable structures in Refs. 38
and*!. In the case of a partial hydroxylation of the (001) sur-
face [one water molecule per (001) surface unit cell], our lowest
energy configuration is characterized by a five-member Si-O ring
similar to those reported in Refs.3%37:41 The stability pattern of
hydroxylated terminations is similar for both surface orientations,
Fig. 3. Bare, siloxane-terminated surfaces (0 ML) are thermody-
namically favored only under considerably water-lean environ-
ments, Apg,o < -2.2 eV and -1.7 eV for (001) and (111) surfaces,
respectively. Under moderate and rich water conditions partial
and complete hydroxylation occurs.

While the density of surface hydroxyls at the fully hydroxylated
(001) surface is relatively high, ~ 8 OH/nm?, at the fully hydrox-
ylated (111) and at the partially hydroxylated (001) surfaces it
is equal to ~ 4 —5 OH/nm?,
tally on amorphous silica under standard temperature and pres-
sure conditions, ~ 4.9 +0.6 OH/nm?.>4, In the following we will
systematically consider the (111): 1ML (111), (001): 1ML, and
(001): 0.5 ML configurations described above, which correspond
to hydroxyl densities of 4.6, 8.4, and 4.2 OH/nm?, respectively,
and are representative for various realistic types and densities of
surface silanols.

close to that measured experimen-

3.2 Zinc interaction with hydroxylated f-cristobalite sur-
faces

The characteristics of zinc interaction with the hydroxylated sur-

faces of B-cristobalite are summarized in Fig. 4 and Tab. 1.

We find that, regardless of the surface orientation, zinc adhe-

sion at fully and partially hydroxylated surfaces is very weak,

4| Journal Name, [year], [vol.],1-9
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Fig. 4 Zinc deposits on dry (0 ML), partially (0.5 ML) and fully (1 ML)
hydroxylated (001) (left) and (111) (right) surfaces of the B-cristobalite.
The density d of interface silanols increases from top to bottom, with
d21(0.5ML) ~ d{}}(IML). Si, Zn, O, and H atoms are represented by
large blue and grey, medium red, and small white balls, respectively.
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Fig. 5 Interface energies (J/m?) of dry and hydroxylated
zinc/B-cristobalite interfaces, as a function of water chemical potential
Aug,o (V). Results for the (001) and (111) interfaces are given in the
top and bottom panels, respectively.

Tab. 1, with no strong Zn-O or Zn-Si bonds, no noticeable in-
terface charge transfer, and no spontaneous modification of the
network of H-bonds in the hydroxylation layer. We recall that an
equally weak interface interaction, Egep ~ 0.3-0.5 J/ m2, is charac-
teristic of the contact between zinc and surface siloxane rings [0
ML (D,)] in the absence of hydroxylation, as described in Ref.%7.
Conversely, interfaces with broken siloxanes (0 ML), Fig. 4, pro-
duce a much larger Egep ~ 1.8-2.0J /m2, due to strong interfacial
iono-covalent Zn-O bonds.

Table 1 Separation energies Eqe, (J/m?) at hydroxylated and dry
zinc/silica interfaces.

1ML 0.5ML 0ML(D;)/0ML
(001) 0.34  0.28 0.30/1.81
(111)  0.51 - 0.50 / 2.00

The adhesion strength contributes to the relative stability of
the hydroxylated interfaces, Fig. 5. On the one hand, since the
zinc-silica interaction is equally weak at the hydroxylated (1.0
ML, 0.5 ML) and at the dry interfaces with intact siloxane rings
[0 ML (D5,)], the relative stability pattern of these configurations
is practically unaltered with respect to that of the corresponding
surfaces, Fig. 3, and the transitions take place under virtually the
same water conditions Al 0.

On the other hand, as described in Ref.2?, the zinc deposits sta-
bilize interfaces with broken siloxane rings (0 ML) with respect to
those with the intact ones [0 ML (D,)]. These interfaces become
the most thermodynamically stable under a wide range of water-
lean and water-moderate conditions, Apy,o < -1.3 €V and -1.0 eV
for (001) and (111)-oriented interfaces, respectively. However,
despite their enhanced thermodynamic stability, these configura-
tions may not be easy to obtain by zinc deposition on bare silica
surfaces, due to the large energy barrier which has to be over-
come in order to break the interface siloxanes.2”

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Relaxed structure of the partially and fully dehydrogenated
zinc/silica interfaces. Top: fully hydroxylated (001) interfaces after
desorption of one (left) and two (right) hydrogen molecules. Bottom:
partially hydroxylated (001) (left) and fully hydroxylated (111) (right)
interfaces after desorption of one hydrogen molecule. Si, Zn, O, and H
atoms are represented by large blue and grey, medium red, and small
white balls, respectively.

To summarize, the enhancement of zinc/silica interface
strength is directly correlated to the presence of interfacial Zn-
O bonds between under-coordinated surface anions and the zinc
deposit. When present, surface silanols impede the formation of
such bonds and thus produce a passivating effect which is detri-
mental to the zinc-silica interaction. In this context, dehydro-
genation of the hydroxylated zinc/silica interfaces appears as a
potentially promising route for an improvement of their adhesion.

3.3 Zinc/p-cristobalite interaction at dehydrogenated inter-
faces

Since a fully valid description of the kinetics of dehydrogena-
tion would require to account for hydrogen dynamics beyond the
Born-Oppenheimer separation used in the present study, in the
following we focus on the thermodynamics and adhesion charac-
teristics of hydrogen-lean zinc/silica interfaces. Figure 6 shows
the optimized atomic configurations obtained by a dehydrogena-
tion of fully and partially hydroxylated (001) and (111) inter-
faces. Table 2 summarizes their separation energies and the
charges of zinc atoms involved in the interfacial Zn-O bonds.

We find that dehydrogenation induces a substantial increase
of the adhesion strength, regardless of the interface orientation
and hydroxylation state. Indeed, with respect to small Eg, ~ 0.3-
0.5 J/m? at the fully and partially hydroxylated interfaces (1 ML,
0.5 ML), the separation energies increase up to as much as 3.5
-4017 /m2 at hydrogen-free interfaces [(001): 1 ML - 2H, and
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Table 2 Separation energies E, (J/m?) and charges of Zn atoms
involved in Zn-O bonds (ordered according to labels in Fig. 6) at the
(001) and (111) zinc/B-cristobalite interfaces with various degrees of

dehydrogenation.
Esep QZn

(001)
1 ML 0.34 0.17(x2)
1ML -H, 1.97 0.31(x2), 0.38(x2)
1ML-2H, 4.03 0.30(x2),0.67(x2), 0.34(x2)
(001)
0.5 ML 0.28 0.14, 0.09
05ML-H, 2.68 0.33(x2), 0.38(x2)
(111)
1 ML 0.51 0.12(x2)
1ML -H, 3.41 0.34(x4)

(111): 1 ML - H,]. Partial dehydrogenation [(001): 1 ML - H,] or
dehydrogenation of the partially hydroxylated interface [(001):
0.5 ML - H,] produces intermediate values of about 2.0-2.7 J/m?.

The reinforcement of adhesion is principally driven by the for-
mation of strong iono-covalent Zn-O bonds, involving under-
coordinated surface anions, remnant of surface OH groups. In-
deed, the trend of the calculated adhesion energy can be linked
to the number (per unit cell) of such excess anions: 0 (1 ML), 1
[(001): 1 ML - Hy, (001): 0.5 - Hp, and (111): 1 ML - H, ] and
2 [(001): 1 ML - 2H, ]. However, it is clear that the number of
bonds and the coordination of the involved atoms also matter, as
illustrated by, e.g., quite different adhesion characteristics of the
three configurations with a single excess anion per surface unit
cell.

The presence of excess anions drives a significant electron
transfer from the metal deposit towards the oxide substrate,
which results in a partial ionization of the zinc atoms involved
in the Zn-O bonds and enables the anions to recover their 2- oxi-
dation state. Indeed, this electron transfer of about 0.3-0.4 e/Zn
is approximately twice larger than that along the bonds between
Zn and surface siloxane rings (0.13-0.18 ¢/Zn), or between Zn
and surface OH groups (0.12-0.17 ¢/Zn). Moreover, the overall
charge of the zinc deposit scales with the number of excess anions
at the interface: 0.24-0.34 ¢ for 1 ML coverage (no excess anions),
1.36-1.38 e for configurations with a single excess anion per unit
cell, and 2.62 e for the configuration (001): 1 ML-2H, with two
excess anions per unit cell. This clearly shows that the driving
force of adhesion improvement is the interface non-stoichiometry
which results from the dehydrogenation process.

Figure 7 reports the stability diagrams of the (001)and (111)
zinc/B-cristobalite interfaces of various degrees of hydroxylation
and dehydrogenation. Only few among the configurations that
we have considered are thermodynamically stable. We first note
that both (001) and (111) diagrams are dominated by H-lean
configurations. Indeed, interfacial hydrogen atoms are stable
only under strongly H-rich environments (Suy > -0.5 €V). This
is clearly in contrast to what happens in the absence of zinc (red
in Fig. 7), where surface hydroxyls on oxygen-rich configurations

6| Journal Name, [year], [vol.],1—9
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Fig. 7 Stable zinc/B-cristobalite (001) and (111) interface
configurations, as a function of oxygen and hydrogen chemical
potentials App and Auy (eV). As a reference, red labels and red dashed
lines recall the corresponding configurations in the absence of zinc.
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remain stable even under relatively H-lean conditions (dug ~ -
2.0 eV). This comparison reveals a thermodynamic bias for an
exchange between surface hydrogen and zinc atoms present un-
der a wide span of oxygen-moderate and -rich environments. We
recall that a similar trend has already been reported for Zn adsor-
bates at the hydroxylated a-alumina terminations,32 for which
the activated character of the hydrogen-zinc exchange has been
explicitly demonstrated by both experiment and first principles
calculations. 27

More importantly, all H-lean interface configurations present
in the stability diagram Fig. 7, are characterized by satisfactory
or even excellent adhesion characteristics. This applies to both
stoichiometric (0 ML) and oxygen-lean interfaces (not considered
in the present study, see ref.27), stable for Aup < -4 €V), and
also to the oxygen-rich interfaces (1 ML-nH,), issued from a full
dehydrogenation of the initial surface hydroxylation layer, stable
under the remaining large span of oxygen-moderate and oxygen-
rich environments.

In summary, we have shown that a dehydrogenation of hydrox-
ylated zinc/silica interfaces in all cases results in a substantial
adhesion enhancement. It is associated with the formation of
iono-covalent interfacial Zn-O bonds and with significant electron
transfers towards the oxide substrate. We assign this favorable ef-
fect to the presence of an excess of under-coordinated interfacial
anions, remnant of surface hydroxyls groups. Their density has
a clear impact on the interfacial strength and the overall positive
charge of the zinc deposit. Interestingly, we find that the dehy-
drogenated interface configurations with the largest density of
such under-coordinated interface anions are the most thermody-
namically stable over a large range of realistic oxygen and hydro-
gen conditions. These results consistently show that surface pre-
hydroxylation, followed by hydrogen desorption can be a promis-
ing route towards the formation of oxygen-rich interfaces with
particularly interesting adhesion characteristics.

4 Discussion

The computational results show that separation energies at the
fully dehydrogenated interfaces are particularly large (3.4 - 4.0
J/m?), which suggests an excellent wetting of silica by zinc and
makes these configurations interesting for applications in zinc
coatings. Moreover, we find that the oxygen-rich character of
these interfaces is responsible for a substantial interface charge
transfer, which leads to a partial ionization of the interfacial zinc
atoms. We recall that the corresponding oxygen-rich termina-
tions of the B-cristobalite are polar,2’->> and thus a compensat-
ing charge [four and two holes per (100) and (111) surface unit
cells, respectively] is necessary to ensure their electrostatic sta-
bility. Partial ionization of the interfacial zinc atoms can thus be
seen as a screening of surface polarity by the metal deposit.

In the following we estimate to what extent the interfacial
charge transfer and the partial zinc ionization may impact the
bonding within the zinc deposit itself. To this goal we have fo-
cused on the (001): 1ML-2H, and (111): 1ML-H, interfaces and
have evaluated separation energies for a series of possible cuts
within the zinc deposit, characterized by various fractions f of
the interfacial zinc atomic layer left on the oxide substrate after

This journal is © The Royal Society of Chemistry [year]

the separation. We have considered foony = 1/4, 172, and 1,
and f(;;1) = 1/8, 1/2, and 1, for the (001) and (111) interfaces,
which corresponds to 2, 4, and 8 and to 1, 4, and 8 remaining
zinc atoms per unit cell, respectively. These configurations are
thus complementary to those discussed in the preceding section,
where no zinc was left on the silica surface upon separation (f
= 0) and to those for which the zinc deposit is cut far from the
interface (f = o).

Table 3 Separation energies Es, (J/m?) obtained for various cuts of the
(001): 1 ML-2H, and (111): 1 ML-H, interfaces, characterized by a
different fraction f of the interfacial zinc layer left on the oxide substrate.
As a reference, corresponding Es., obtained for cuts far from the
interface with silica (f = =) are recalled.

f(OOl ) Esep f(l 11) Esep
0 4.03 0 3.41
1/4 1.47 1/8 1.03
1/2 1.14 1/2 1.89
1 1.46 1 1.42
oo 1.28 o0 1.10

The results summarized in Tab. 3 show that, regardless of the
interface orientation, the behavior of Ege, is far from being mono-
tonic and that the strong interaction found at the very zinc/silica
interface (f = 0) is accompanied by a considerable decrease of
bonding in its direct vicinity (f = 1/2 and 1/8 for (001) and
(111) interfaces, respectively). The small separation energies ob-
tained in these two cases are even slightly smaller than the cor-
responding reference strengths in the zinc deposit itself, f = oo.
While the differences are small (AEse, ~ 0.1/ m?) and likely be-
yond the precision of the present model calculations, the decrease
of Egep in the interface vicinity has a relatively well defined phys-
ical origin.

Indeed, in these two configurations, the number of Zn atoms
left on the surface (4 and 1 per (001) and (111) surface unit
cell, respectively) can be linked to the number of excess an-
ions (2 and 1, respectively). These surface configurations can
be seen as stoichiometric silica decorated with Zn,O, and ZnO
species, respectively, which are charge neutral, without (ZnO)
or with a metal excess (ZnsO;). As a consequence, contrary to
the bare oxygen-rich terminations (0sio,+0), their surface ener-
gies 0si0,4zn,0 iNVolve no extra cost due to polarity compensa-
tion (Csi0,+zn,0 << Osi0,+0) and, for a given interface configu-
ration of energy E™, they produce a much smaller adhesion ESP
= 08i0,+Zn,0 1 Ozn - Ent << 0si0,+0 + Ozn - E" | We note that
the zinc excess in the case of the (001)-orientated surface does
not alter this argument, because the energy cost of a partial hole
delocalization over the additional Zn atoms is compensated by
the energy gain of additional Zn-O bonds. This is not the case
on the (111) surface due to the isolated character of its surface
silanols.

To summarize, despite particularly large separation energies
at the very zinc/oxide interface (3.4 - 4.0 J/m?) and satisfac-
tory separation energies in the interface vicinity (minimal Egp =
1.03-1.14 J/m? larger than at interfaces containing intact silox-
anes : 0.30-0.50 J/m?), these results show that the oxygen-rich
contacts may not provide an optimal wetting behavior. Indeed,
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the predicted effect of decohesion in the zinc deposit (minimal
Esep < Egep(feo)) suggests that the oxide surfaces decorated by ox-
idized zinc species interact weakly with the remaining metallic
part of the zinc deposit. Let us stress, however, that the calcu-
lated decohesion effect is small and likely inferior to the precision
of the present approach, due to both an approximate treatment
of exchange and correlations and to the structural constraints im-
posed by the supercell geometry. Alternative routes for adhesion
improvement of zinc/silica interfaces, based, e.g., on interfacial
buffers made of more reactive elements 658, could be envisioned
and are presently under study in our group.

5 Conclusions

We have used ab initio modeling to analyze the interaction of zinc
with hydroxylated silica, represented by fully or partially hydrox-
ylated (001) and (111) surfaces of §-cristobalite.

We find that, regardless of the surface orientation and of the
degree of hydroxylation (type of surface siloxanes and the pres-
ence of H-bonds), zinc adheres very weakly to hydroxylated silica
surfaces due to the passivating effect of surface silanols. Accord-
ing to our results, zinc interaction with the hydroxylated surfaces
is essentially as weak as that with the bare siloxane-terminated
ones.

Interestingly, we find that dehydrogenation dramatically im-
proves the interface strength. This is principally due to the for-
mation of strong iono-covalent bonds between the zinc deposit
and the under-coordinated excess interfacial anions, remnant of
the initial hydroxylation layer. Indeed, the density of the latter
has a clear impact on the interfacial charge transfer and on the
strength of the resulting dehydrogenated interfaces. Moreover,
we find that such dehydrogenated interfaces are the most ther-
modynamically stable over a large range of realistic oxygen and
hydrogen conditions. However, a weakening of the zinc-zinc in-
teraction in the direct interface vicinity, induced by an interface
charge transfer and a partial oxidation of the zinc atoms in con-
tact with the oxide, remains possible.

This fundamental analysis of the microscopic mechanisms re-
sponsible for the interaction strength at zinc/silica interfaces un-
der a large variety of thermodynamic conditions provides several
useful guidelines for possible adhesion improvement scenarios.
In particular, our results consistently point out that surface pre-
hydroxylation followed by hydrogen desorption may provide a
route for the formation of oxygen-rich interfaces with interesting
adhesion characteristics.
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