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ABSTRACT: Low-emissivity glasses rely on multistacked archi-
tectures with a thin silver layer sandwiched between oxide layers.
The mechanical stability of the silver/oxide interfaces is a critical
parameter that must be maximized. Here, we demonstrate by
means of quantum-chemical calculations that a low work of
adhesion at interfaces can be significantly increased via doping and
by introducing vacancies in the oxide layer. For the sake of
illustration, we focus on the ZrO2(111)/Ag(111) interface
exhibiting a poor adhesion in the pristine state and quantify the
impact of introducing n-type dopants or p-type dopants in ZrO2
and vacancies in oxygen atoms (nVO; with n = 1, 2, 4, 8, 10, 16),
zirconium atoms (mVZr; with m = 1, 2, 4, 8), or both (nVO + mVZr;
with m/n = 1:2, 1:4, 2:2, 2:4). In the case of doping, interfacial
electron transfer promotes an increase in the work of adhesion, from initially 0.16 to ∼0.8 J m−2 (n-type) and ∼2.0 J m−2 (p-type) at
10% doping. A similar increase in the work of adhesion is obtained by introducing vacancies, e.g., VO [VZr] in the oxide layer yields a
work of adhesion of ∼1.5−2.0 J m−2 at 10% vacancies. An increase is also observed when mixing VO and VZr vacancies in a
nonstoichiometric ratio (nVO + mVZr; with 2n ≠ m), while a stoichiometric ratio of VO and VZr has no impact on the interfacial
properties.
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1. INTRODUCTION

Nowadays, the reduction of energetic costs is a global issue in
many areas. In the field of building construction or car
production, the development of low-emissivity (low-e) glasses
that reflect infrared (i.e., heat) and ultraviolet light is a major
path to control heating and improve comfort in habitable
spaces.1,2 Low-e glasses rely on multilayered architectures
incorporating silver in contact with various metal oxides
(typically ZnO, TiO2, SnO2).

3−8 Among all of these oxides,
zirconia (ZrO2) is another material of interest that is widely
used in a large range of technical and biomedical
applications9−12 due to its good mechanical properties, in
particular its high strength and fracture toughness.13,14 This
has already motivated many works focusing on the adhesion of
zirconia on various metals such as Ni, Cu, or Pt.15 As a result,
ZrO2 could also prove to be a material of choice in low-
emissivity glasses. However, our previous theoretical calcu-
lations indicate that the defect-free ZrO2(111)/Ag(111)
interface exhibits a very poor adhesion.16 The mechanical
properties of heterogeneous materials depend mostly on the
strength of adhesion between their components.17 Therefore,
one challenge in this field is to promote a strong adhesion at
the metal oxide/metal interface. Optimizing the adhesion

energy between the two materials is not a simple task since this
property depends on many parameters. Many studies have
already been made at the theoretical level to investigate the
origin of interface adhesion and have demonstrated that this
property is strongly connected to the formation of chemical
bonds at the interface. Density functional theory (DFT)
calculations made on ZnO, TiO2, SnO2‑, or ZrO2/metal
interfaces have also shown that a weak work of adhesion is
typically associated with a low interfacial charge transfer and
vice versa.16,18−21 This connection was also observed for other
kinds of interfaces such as oxide/oxide22 or metal/carbide.23

Therefore, a fine control of the nature of the interface
chemistry appears to be mandatory to obtain a strong
adhesion. The modification of the charge distribution at the
interface is one key ingredient that can be manipulated to tune
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the adhesion properties. The nature of the terminal facet in
contact does play a major role as it will strongly affect the
chemical environment and, hence, the charge rearrangement at
the interface.24 For example, a metal oxide presenting an O-
terminated surface such as the polar ZnO(0001̅) facet has been
shown to yield a stronger adhesion with silver compared to the
corresponding Zn-terminated surface or the nonpolar facet,
which has a stoichiometric amount of O/Zn at the surface.15,25

However, the amplitude of the charge transfer is not always
fully correlated with the difference in the work of adhesion
when comparing several interfaces and, thus, cannot be used as
a single indicator of the “quality” of the interface. This was
earlier reported by Muñoz et al., who considered several body-
centered cubic (bcc) and face-centered cubic (fcc) metals on
zirconia and observed no direct correlation between the work
of separation and the amount of charge transfer between the
metal and oxygen atoms; however, the largest charge transfers
were generally associated with the largest values of the work of
separation.15 In addition to the charge transfer, the nature of
the interface bonding (i.e., the degree of covalent character
triggered by orbital hybridization) can be simultaneously
exploited to increase the adhesion at interfaces.25,26 In general,
the theoretical studies considered clean interfaces in contact,
while in reality some impurities can be present and can impact
the charge transfer or lead to geometrical restructuration and,
consequently, modify the work of adhesion. The decrease in
interface strength due to impurities was demonstrated by
Spencer et al. with sulfur impurities between the Fe(110)
layers.27 This destructive contribution also appears at mixed
metal/oxide interfaces; Lin et al. investigated the impact of
hydrogen adsorption on the ZnO/Ag interface and pointed to
a decrease in the work of adhesion associated with local
debonding.28 More recently, the presence of interfacial water at
a silica/resin interface was theoretically investigated, leading to
the conclusion that the structural deformation of the hydrogen-
bond network was the main mechanism of the adhesion loss.29

The doping of metal oxides is a well-known strategy to tune
their electronic or mechanical properties.30,31 This can be
achieved by incorporating doping species inside the oxide or
by modulating the oxide stoichiometry by generating defect
vacancies, mainly in oxygen.32 Nitrogen-doped or defective
TiO2 have been explored for photocatalysis applications,33−37

and the structure/property relationship of doped or defective
ZrO2 has also been investigated.38−42 In this respect, several
DFT studies focused on the stability of the oxygen vacancies
and their impact on the oxide properties.38,43,44 Recently, Luo
et al. have investigated the introduction of oxygen vacancy in
ZrO2 surfaces and have shown that oxygen vacancies are easier

to generate on the (111) facet. In addition, they also described
the effect of including a metallic dopant inside the oxide on the
oxygen vacancy stability; over the 12 considered cations, only
two (Ti and Pr) could promote the formation of the vacancy.41

The stability of oxygen vacancies can also be controlled
through the interfacial strain, as shown by Aidhy et al., who
reported that a tensile-strain stabilizes the oxygen vacancies
while they become less stable in a compressive interface.45

The doping approach opens many avenues to explore in the
context of adhesion enhancement at oxide/metal interfaces.
Indeed, including a dopant or changing stoichiometry is
expected to affect the nature of the interface bonding and,
hence, the work of adhesion. Theoretical studies have already
addressed this issue and have indeed observed an enhancement
in the adhesion energy at the interface when including a
dopant inside one of the contact layers.19 The chemical doping
of an oxide layer mainly relies on a substitutional process in
which oxygen atoms are replaced by other species. For
example, the increase in the work of adhesion at oxide/metal
interfaces can be promoted by substituting oxygen by a lower-
vacancy atom such as nitrogen.16 Recently, theoretical studies
have also described the opposite approach, i.e., substituting the
metallic atom of the oxide to increase the interface adhesion. Li
et al. have reported the impact of the valency state of the
metallic atoms used as dopants at the SnO2/Cu interface and
demonstrated that low-valence dopants (such as Zn2+ or Cu2+)
enhance the interfacial adhesion while high vacancy dopants
(such as Mo6+ or Sb5+) act in an opposite way. This behavior is
attributed to an excess of holes in the oxide consecutive to the
low-valence doping, which promote a strong affinity for the
electrons coming from the metallic layers.21 Sun et al. have also
investigated the effect of metallic dopant on the low-adhesive
ZnO(0001)/ZrO2(111) interface with a Zn-terminated sur-
face. An increase in the work of adhesion was reported for
yttrium-doped ZnO layers and was attributed to the mismatch
reduction between the two oxides consecutive to the doping
and by the segregation preference of the metallic dopant inside
the oxide layer, leaving the interfacial zone intact.46

These large possibilities of the oxide improvement have
motivated the present theoretical study aiming at assessing the
impact on the poor adhesion that we reported for the
ZrO2(111)/Ag(111) interface of (i) n- or p-type doping of the
oxide layer or (ii) point defects such as oxygen vacancies (VO)
and zirconium vacancies (VZr) alone or oxygen and zirconium
vacancies together, either in a stoichiometric ratio (nVZr +
2nVO) or not.

Figure 1. (A) Side view of the pristine ZrO2(111) slab in its bulk geometry. The (O−Zr−O) trilayers are shown between brackets. (B) Top view
of the ZrO2(111) surface showing the top oxygen and zirconium layers with their hexagonal pattern. (C) Top view of the silver slab showing the
hexagonal pattern of the (111) facet.
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2. METHODOLOGY
Quantum-chemical calculations were performed at the density
functional theory (DFT) level with periodic boundary
conditions, using the 4.1 version of the SIESTA code.47

Exchange−correlation was described under the generalized
gradient approximation (GGA) scheme using the Perdew−
Burke−Ernzerhof (PBE) functional.48 A numerical orbital
basis set was used to describe the valence electrons, while core
electrons were treated using Troullier−Martins pseudopoten-
tials. The construction of the pristine ZrO2/Ag interface
consists of a layer-by-layer deposition of the silver (111) facet
on the nonpolar (111) surface of ZrO2 in an orthogonal unit
cell of size 10.75 Å × 12.42 Å × 50.00 Å to ensure a good
commensurability between the two lattices. Both silver and
zirconium oxide surfaces were initially extracted from their
bulk structure. The full system displays a thickness of five
layers for silver and four ZrO2 layers, each made of an (O−Zr−
O) trilayer (Figure 1A). This represents a stoichiometry of
Zr48O96 by the unit cell, with a total of 144 atoms for the
zirconia surface in the pristine conditions. Both contact planes
(oxide and silver) present a hexagonal pattern (Figure 1B,C).
We focused here on the oxygen-terminated ZrO2(111) surface
as this facet is observed both theoretically and experimentally
to be the most stable.20,49−52 In addition, DFT works have
already reported that maximizing the density of oxygen atoms
facing the silver yields the best adhesive properties,19 which
further motivates the choice of a terminated-O facet.
The n- or p-type doping is realized in the pristine ZrO2/Ag

interface using the virtual crystal approximation (VCA),53 i.e.,
via a modification of the pseudopotential of oxygen or
zirconium atoms, which proves efficient to address the impact
of the doping.54 The density of states (DOS) of the pristine
ZrO2 surface yields a valence [conduction] band dominated by
O 2p [Zr 4d] orbitals (see Figure 2A). Therefore, the p-type

doping was achieved by a small modification of the electronic
configuration of the oxygen by removing on each atom a
fraction of electron, while the n-type doping consists of adding
a small fraction on each zirconium atom. The amount of
electron density added or removed is quantified by considering
an increase [decrease] by 1 electron for 100 zirconium

[oxygen] atoms as equivalent to 1% doping. The electronic
configurations used in this study are given in Table S1 in the
Supporting Information.
Neutral vacancies were introduced into the ZrO2 layers by

removing randomly and simultaneously n oxygen atoms (VO,
with n = 1, 2, 4, 8, 10, 16) and m zirconium atoms (VZr, with m
= 1, 2, 4, 8) or by considering both oxygen and zirconium
vacancies (nVO + mVZr). For these, the chosen n/m ratio yields
either stoichiometric (2:1 and 4:2) or nonstoichiometric (4:1
and 2:2) surfaces.
The geometries of the ZrO2/Ag interfaces (with and without

vacancies) were first fully optimized at the Γ-point with a mesh
cutoff of only 250 Ry with the lattice parameters conserved to
their pristine values. The atomic positions were relaxed using
the conjugated gradient formalism until the forces were smaller
than 0.04 eV Å−1. The electronic properties were then
calculated on these final geometries using a (5 × 4 × 1)
Monkhorst−Pack grid with an increased mesh cutoff of 400
Ry. The charge density difference profiles were computed from
the charge density of the full interface versus separated surfaces
using the following equation

ρ ρ ρ ρ= − [ + ]diff int Ag ZrO2 (1)

where ρint is the charge density of the ZrO2/Ag interface and
ρAg and ρZrO2

are the charge density of the silver layers and
ZrO2 layers in their relaxed geometry at the interface,
respectively. From the total charge density of the VCA-
doped systems, we computed the atomic charges using the
Bader partitioning scheme.55 This partition was also used for
systems with vacancies in addition to the calculation of DDEC
charges and effective bond order (EBO) using the DDEC/6
formalism.56

For each interface, the work of adhesion W has been
calculated using the following equation

= [ + − ]W
A

E E E
1

( )Ag ZrO int2 (2)

where Eint, EAg, and EZrO2
are the total energy of the Ag/ZrO2

interface, silver surface, and zirconium oxide in their interface
geometry, respectively, and A is the area of the contact surface.
The transferred charge, QAg, is mostly localized on the first
silver layer in contact with the oxide surface and is defined as
the average charge on the corresponding silver atoms, i.e., QAg
= 1/n∑qAg, with qAg being the silver atomic charges and n
being the number of silver atoms per layer. The effective bond
orders, EBOs, are also computed at the interface between all
atomic pairs involving silver atoms and their closest neighbors
(oxygen or zirconium) inside the oxide layer. We can next
estimate the sum of the effective bond order (SEBO) for each
individual silver atom and its connecting atoms. The averaged
SEBO of the silver atoms localized in the contact plane is then
calculated to provide a single metric quantifying the strength of
the bonds at the interface; a value of 1 depicts the equivalent of
a single chemical bond.
The relative stabilities of oxide surfaces containing defects

can be compared in a formalism based on chemical
potentials.37 We first calculated the formation enthalpy of
ZrO2 as given in the following equation

μ μ μ μΔ = [ − ] + −H (bulk) 2
1
2

Of Zr Zr O O 2

Ä
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Figure 2. (A) Projected density of states (PDOS) of the pristine
interface shown in (C). The position of the Fermi level is represented
by a dashed line. Oxygen, zirconium, silver, and total contributions are
represented in red, green, gray, and black, respectively. (B) Side view
of the pristine ZrO2/Ag interface (local relaxation, bottom layers
fixed). (C) Side view of the pristine ZrO2/Ag interface used in this
study (full relaxation of the ZrO2 layers). The amplitude of the atomic
displacements from interface (B) to interface (C) is reflected by the
root-mean-square-displacement (RMSD) value calculated on silver
atoms only (gray arrow), oxide atoms only (red arrow), and over the
whole structure (blue arrow). Oxygen, zirconium, and silver atoms are
represented in red, green, and gray, respectively. (D) Schematic
picture of the interface distance discussed in the text with their
corresponding value (in angstrom) for the pristine case given in (C).
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where μZr and μO are the chemical potentials for zirconium and
oxygen in the ZrO2 bulk, respectively, and related by eq 4

μ μ μ= + 2ZrO Zr O2 (4)

with μZrO2
being the chemical potential of a ZrO2 unit cell in

the cubic ZrO2 bulk computed as the total energy of the unit
cell divided by the number (n = 4) of inequivalent ZrO2

couples (μZrO2
= −960.40 eV). μZr(bulk) has been calculated in

the hexagonal P63/mmc bulk of zirconium as half the energy of
the unit cell containing two atoms (μZr = −80.44 eV), while
μ(1/2 O2) = −432.92 eV is obtained as half the total energy of
the dioxygen molecule isolated in a large periodic box. μO and
μZr differ depending on the synthetic conditions and the actual
stoichiometric ratios, defining the so-called rich and poor
conditions. To set an arbitrary reference value, in the case of
O-rich conditions, we define μO = μ(1/2 O2) and μZr using eq
4. In our case, this leads to an enthalpy of formation of −13.91
eV. From this, we can next define the chemical potential limits
from eq 3 as

− − μ = μ =

Δ = −H

Zr rich/O poor conditions: 0 eV; 1/2

6.95 eV
Zr O

f (5.1)

− − μ = Δ = −

μ =

HZr poor/O rich conditions: 13.91

eV; 0 eV
Zr f

O (5.2)

The formation energy per point defect has been calculated
for neutral vacancies as37

μ μΔ =
+

[ − + + ]E
n m

E E n m
1

( )
( ) (f V 0 O Zr (6)

where EV is the total energy of the system containing n
vacancies in oxygen and m vacancies in zirconium and E0 is the
total energy of the pristine system. The reference energies for
the missing oxygen or zirconium atoms are given by their
corresponding chemical potential μO and μZr, related by eq 4.
We can rewrite the formation energy as a function of the
oxygen chemical potential, leading to

μ μΔ =
+

[ − + · ] + −
+

E
n m

E E m
n m
n m

1
( )

( )
( 2 )
( )f V 0 ZrO O2

(7)

where μO varies between the two extreme limits described in
expressions 5.1 and 5.2.

3. RESULTS AND DISCUSSION
3.1. Pristine ZrO2(111)/Ag(111) Interface. Instead of

freezing the bottom layers of ZrO2 to their bulk geometry, as
typically done,52,57 we have here relaxed the full structure of
the interface. This is to ensure a proper comparison with
interfaces containing several vacancies that do require a
complete geometry relaxation of the system. When starting
from the cubic phase, the fully relaxed structure exhibits a
displacement of the zirconium and oxygen atoms to adopt a
structure close to a tetragonal symmetry (see Figure 2B,C).
This reflects the polymorphic nature of zirconium oxide that
yields less symmetric structures, i.e., a monoclinic phase, at low
temperature (below 1200 °C), while tetragonal and cubic
phases prevail at high temperature (from ∼1200 to 2400 °C
for the tetragonal phase and between 2400 and 2700 °C for the
cubic phase).58 Nevertheless, we chose to generate the

interface from the cubic bulk structure to ensure a better
commensurability with the silver layers and simplify the
construction and characterization of the interface. Note that
this approach can be justified by the possibility to effectively
stabilize the tetragonal and cubic phases at low temperatures
by synthetizing zirconia with additional cations (such as
yttrium) or in substoichiometric conditions, introducing
vacancies as dopants.59−61 Moreover, this choice does not
affect the main goal of our study, where the main focus is on
the influence of doping and vacancies on adhesion energies
with respect to a pristine system. When gluing the two facets
and relaxing the structure, the magnitude of the geometric
displacements of the atoms was characterized by calculating
the root-mean-square-displacement (RMSD) between the
initial and final structures. The value of the RMSD is 0.38 Å
for the ZrO2 layers, while the silver layers are quasi unaffected
by the relaxation (RMSD of only 0.10 Å). The total RMSD of
the whole interface system is calculated to be 0.31 Å. This
indicates that the overall geometry of the zirconia/silver
interface is not too much affected by the relaxation process.
The main structural deformations are localized at the top layers
of the oxide close to the interface. To analyze this region in
deeper details, we have characterized the variation of the
interfacial distance between the silver and ZrO2 surfaces
following eqs 8−10, see also Figure 2D:

= ⟨ ⟩ − ⟨ ⟩−d z zAg O Ag(1) O(1) (8)

= −* *d z zmin Ag O (9)

= ⟨ ⟩ − ⟨ + ⟩−d z z zAg OZr Ag(1) O(1) Zr(1) (10)

The definition given by eq 8 consists of calculating the
difference along the z-direction between the average position
of the silver atoms in the first layer, ⟨zAg(1)⟩, i.e., those in
contact with the metal oxide, and the average position of the
oxygen atoms of the top layer of the oxide, ⟨zO(1)⟩. This
distance is labeled dAg−O in the remainder of the paper.
However, to also account for a restructuration induced by
doping of the surface or by the presence of one or more
vacancies, we also introduced eq 9 to consider the difference
between the vertical position of the silver atom closest to the
oxide surface, zAg*, and that of the oxygen atom closest to the
silver layer, zO*. This definition entails a lower limit of the
interfacial distance and is therefore labeled dmin in the paper.
Note that these two definitions become equivalent in the case
of two perfectly planar surfaces in contact. The difference
between dAg−O and dmin is thus representative of the interface
restructuration and the out-of-planarity character of the
contact layers. Finally, to include possible displacements in
the top zirconium layer, we also used eq 10 to define dAg−OZr
that involves the average atomic position of both oxygen and
zirconium atoms in the top ZrO bilayer (⟨zO(1) + zZr(1)⟩).
Values of 2.09, 2.46, and 2.82 Å are obtained for dmin, dAg−O,
and dAg−OZr, respectively, in the pristine interface. The
difference of 0.35 Å between dmin and dAgO underlines that
the two planes in contact (the top oxygen layer and the silver
layer) are not fully planar but present local distortions with
some oxygen atoms moving down the zirconia layer while
other oxygen atoms get closer to the silver layer and bind more
strongly to the metal. This is nicely reflected through the
effective bond order of the silver atoms that ranges from 0.28
to 0.50 depending on their relative position with respect to the
oxygen atoms of the top oxide layer. Similarly, the intensity
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and sign of the atomic charge of the individual silver atoms,
qAg, strongly varies over the interfacial area. Indeed, despite a
small average value of −0.035 |e|, the two extreme values of qAg
are found to be −0.239 |e| for silver atoms facing oxygen atoms
and +0.154 |e| in the case of silver atoms facing zirconium
atoms. This behavior is rationalized from the difference in
electronegativity between these atomic species (χO = 3.44; χZr
= 1.33; χAg = 1.93). Between these extrema, values close to 0
are obtained for most of the silver atoms since they are
localized in a bridge or hollow position with respect to the
zirconia surface.
The work of adhesion amounts to 0.156 J m−2 in the fully

relaxed interface (compared to 0.060 J m−2 initially calculated
when the bottom two ZrO2 layers are kept fixed). Despite this
significant difference, the work of adhesion is still 1 order of
magnitude less than that reported for other silver/metal oxide
interfaces (e.g., 2.0 J m−2 for polar ZnO(0001̅)/Ag(111)
interface). Since the average charge transfer (QAg) and the sum
of bond order (SEBO) have similar values in the two cases (see
Table 1), the small increase in the work of adhesion obtained

in the fully optimized case is mainly due to small structural
changes, i.e., a decrease in atomic separations at the interface
when relaxing all layers of the metal oxide. As a matter of fact,
the dmin distance calculated in the partially frozen interface
model is 2.26 Å, to be compared to 2.09 Å obtained for the
fully relaxed system. The new data reported in Table 1 will
next be considered as our reference to assess the impact of
doping the layers or introducing vacancies.
3.2. Effect of Doping. We have first investigated the

impact of doping the zirconia layers on the structural and
electronic properties of the interface. Many dopants have been
reported for zirconium oxide such as transition metal cations
(Sc, Yb, Y), nitrogen atoms, or incorporated oxides.60−63

Therefore, many structures could possibly be investigated by
varying the nature of the dopant species, the position of the
dopants inside the oxide (interstitial versus substitutional), or
the dopant concentration. To provide a generic picture of the
doping effect, we herein choose to use the virtual crystal
approximation (VCA) approach. The n-type doping was
achieved by artificially increasing the amount of electron per
zirconium atom, while the p-type doping involves a
modification of the valence electronic configuration of the
oxygen atoms; this is done to reflect the fact that n-type
dopants provide additional electrons to the ZrO2 network,
while the p-type dopants remove electrons. This approach is
realistic at the low doping level, typically used in experiments,
i.e., in situations where we do not expect the physical
introduction of dopants to be responsible for a significant
structural modification of the ZrO2 network.54 The final
geometries obtained after relaxation are shown in the
Supporting Information (Figures S1 and S2). The actual
restructuration of the interface upon electronic doping was
quantified by the root-mean-square-displacement (RMSD) in

the doped structures with respect to the pristine interface and
by the evolution of the interfacial distances defined by eqs
8−10. For RMSD, we considered the displacement of all atoms
in the system (total), the silver atoms only (silver), the
zirconium oxide only (oxide), and finally the interfacial zone
(interface), i.e., layers Ag(1), O(1), and Zr(1). An increase in
the atomic displacements is observed when increasing the
amount of doping for both n- and p-type doping, though to a
different extent, see Figure 3. Indeed, a quasi-linear evolution is

obtained for n-type doping (Figure 3A), while p-type doping
leads to small changes below 2% of doping and stronger atomic
displacements beyond 2% (Figure 3B). The difference between
the n- and p-type doping is also clear when focusing on the
interfacial distances. For the n-type (Figure 3C), atomic
restructuration mainly occurs at the interface and is
accompanied by a large decrease in the dmin distance, implying
that some oxygen or silver atoms are moving out of their
respective layer. dAg−ZrO is also slightly reduced due to the
global shift of the Zr(1) layer toward the interface. The average
dAgO distance remains globally constant, whatever the doping
ratio, which is attributed to the absence of modification of the
electronic valence of the oxygen atoms in contact with the
silver layer, as we applied VCA on zirconium atoms only in the
n-doped systems. This is not the case for p-type doping
(Figure 3D) for which the dAgO distance decreases from 2.46 Å
(pristine) to 2.0 Å (at 10% doping). This distance is even
lower than the dmin distance calculated for the pristine case
(2.09 Å). The stronger modifications observed in the case of p-
doping can be related to the nature of the oxide face exposed
to silver. Indeed, since we consider here an O-terminated
surface, the VCA applied to the oxygen atoms impacts the
electronic valence of the chemical species directly in contact
with the silver layers.
These geometric deformations have a large impact on the

electronic properties of the interfaces. We report in Figure 4,
the projected density of states for all doped interfaces in
comparison to the pristine case. The initial band gap obtained
for the pristine ZrO2 is in the order of 3.0 eV. This value is
relatively far from the experimental value of 5.4 eV but in the
range of other theoretical values reported using GGA
functionals that typically underestimate the band gap.64

Although the DFT + U scheme was already successfully used
to correct the band gap of zirconia,39,65,66 this correction was

Table 1. Key Structural and Electronic Properties of the
Pristine Ag/ZrO2 Interface

RMSD (Å)

total ZrO2 Ag
dmin
(Å)

W
(J m−2) QAg (|e|) SEBO

ref 16 0.31 0.38 0.10 2.26 0.060 −0.044 0.35
this study 2.09 0.156 −0.035 0.37

Figure 3. (Top) Evolution of the RMSD for n-doped (A) and p-
doped (B) VCA doping as a function of the VCA ratio. (Bottom)
Decrease in the interface distances defined in the text with the VCA
doping for the n-doped (C) and p-doped (D) cases.
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not applied here as it does not affect the key quantities
discussed in this work (see the last section of the Supporting
Information). This band gap discrepancy is not a major issue
when computing total energies in the ground state or when
assessing the changes induced in the valence and conduction
bands upon doping. As expected, p-doping (Figure 4A)
induces a displacement of the Fermi level toward the valence
band maximum (VBM), mainly composed of oxygen
contributions. The Fermi level is initially localized 2.0 eV
above the VBM in the pristine case (without doping) and gets
in resonance with the VBM for a VCA doping of 10%. The
opposite trend is obtained in the case of n-doping (Figure 4B),
where the Fermi level, initially localized 1.0 eV below the
conduction band minimum (CBM), shifts up in energy,
reaching the CBM for a VCA doping of 10%.
The amount of charge transfer was calculated from a Bader

charge analysis from which we extract the average atomic
charge of silver Qav in the contact plane Ag(1). The pristine
interface used as reference points to a negligible interfacial
charge transfer (Qav ∼ 0.04 |e|). The profile of the charge
density difference for doped interfaces (Figure 4, bottom)
shows that the direction of the charge transfer is correlated
with the displacement of the VBM/CBM. In the case of p-
doped zirconia, a large positive peak appears in the region
corresponding to the top of the zirconia surface, while a
negative peak of the same amplitude is localized in front of the
silver layer. This points to a global charge transfer from the
silver to the oxide. An opposite behavior is observed for n-
doped zirconia, although with an amplitude reduced by one-
third compared to the p-doped case for the largest peak. A
similar trend is observed when looking at the evolution of the

computed atomic charges. The n-doping case yields a negative
Qav value on the order of −0.1 |e| at 10% doping, while p-
doping leads to a twice larger positive Qav value (Figure 5). In

turn, these interfacial charge transfer processes have a strong
impact on the work of adhesion, showing an increase from
0.156 J m−2 (pristine) up to 0.800 J m−2 for 10% n-doped
systems. The effect is even more intense for p-type doping with
adhesion energies at 10%, reaching 1.9 J m−2, i.e., a value
similar to the largest adhesion energy obtained in our previous
studies for polar oxide surfaces. The systematic increase in the
adhesion energy is rationalized by the increased ionic character
of the interfacial bonding.

3.3. Effect of Vacancies. The effect of vacancies has been
investigated for structures, including oxygen vacancies (VO),
zirconium vacancies (VZr), and mixed vacancies (VO + VZr).
Several studies have been reported for defect vacancies in the
bulk and at surfaces of zirconia considering neutral, positive, or
negative defect centers.67−69 Since we expect charges to be
ultimately neutralized in devices, we focus here on neutral
vacancies only. The position of the vacancies inside the oxide
was selected semirandomly by ensuring that no vacancies are
localized at the interfacial area. The reason for this is to
investigate the effect of bulk vacancies on the work of adhesion
and the amount of charge transferred. Moreover, this also
prevents silver intercalation into the oxide, which could
generate more complex structures beyond the scope of this
study. The final geometries obtained after relaxation for each
case are shown in the Supporting Information (Figures S3−
S5). The interface of all structures has been characterized by
the interface distances and RMSD, as done before for the
doped interfaces (Figure 6). They will be described for each
case in the next subsections.

3.3.1. Oxygen Vacancies (VO). First, we have considered the
presence of oxygen vacancies in the ZrO2 layers. Starting from
the pristine interface and keeping the system electronically
neutral, we have generated vacancies by randomly removing 1
up to 16 oxygen atoms out of the 96 atoms contained in our
ZrO2 slab, i.e., an atomic vacancy doping going from ∼1 to
∼16%. The full interface was then relaxed following the
procedure described in Section 2. Figure 6 shows that a large
geometric restructuration is observed in the presence of oxygen
vacancies. This translates into RMSD values that can reach 0.8
Å for a high number of vacancies. The interface distance dmin
tends to decrease with the number of vacancies down to 1.1 Å,
which indicates that some oxygen atoms of the top layer of
zirconia leave their initial plane; this also holds true for the

Figure 4. Projected and total density of states (TDOS) for p-doped
(A) and n-doped (B) interfaces at each doping ratio. The partial
density of states for oxygen, zirconium, and silver atoms are
represented in red, green, and gray, respectively. The total density
of states (TDOS) is in black. The position of the Fermi level is
represented by a dashed line; black arrows depict the shift discussed
in the main text. The charge density difference profile is also
represented for p-doped (C) and n-doped (D) cases. The position of
the silver contact layer has been set to 0. Negative distances
correspond to the ZrO2 layers, while positive distances are located
inside the silver layers. Dashed lines correspond to the position of the
top oxide layer.

Figure 5. (A) Evolution of the work of adhesion, W, when increasing
the virtual doping (VCA) ratio. (B) Evolution of the average atomic
charge on silver Qav when increasing the doping ratio. The n-doped
(dark square) and p-doped (blue circle) systems were generated at
the VCA level by a modification of the zirconium and oxygen
pseudopotential, respectively.
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silver atoms in view of the RMSD value for silver atoms that
strongly increases with the number of oxygen vacancies,
reaching values in the range of 0.4−0.6 Å for a high density of
VO. The two other characteristic distances, dAg−O and dAg−OZr
follow a different trend. Surprisingly, the distance dAg−O,
reflecting the average separation between the two contact
layers, slightly increases in a linear way with the number of
vacancies, while dAg−OZr accounting for the first zirconium layer
slightly decreases to reach a value close to dAg−O at high VO
density. This behavior is explained by a large restructuration
inside the zirconia layer triggered by a large number of
vacancies. As a matter of fact, to avoid the presence of unpaired
electrons, a reordering of the layer is observed. This
restructuration is clearly observed in Figure 7, reporting the

atomic distribution as a function of the distance with respect to
the silver surface (i.e., the number of atoms by a slice of 0.5 Å).
The reference system (without vacancy) exhibits a distribution
shape highlighting the O−Zr−O ordering inside the oxide.
This reference structure already presents some restructuration
consecutive to the silver adsorption as the 12 facing oxygen

atoms are not equally distributed as it is the case in the bare
ZrO2 slab, see Figure 7. A similar behavior appears inside the
zirconium layers with a fraction of zirconium atoms moving
away from their bulk position. By comparison, the structure
containing 16 VO presents a massive restructuration as
evidenced by the quasi-uniform distribution of oxygen atoms
in the area close to the silver surface (i.e., between 2.0 and 4.5
Å from the surface).
The introduction of oxygen vacancies also impacts the

electronic structure of the interface manifested through a shift
of the Fermi level toward the CBM (mainly governed by
zirconium) characteristic of n-type doping; the density of states
also features the appearance of states with contributions from
Zr and O atoms below the Fermi level, see Figure 8A,B. The

presence and localization at 2.0 eV above the VBM of such
localized states induced by the vacancies are consistent with
what has already been theoretically reported for a neutral VO
vacancy in the bulk and at the surface of zirconia.67−69 Similar
results were also reported for a single VO inside TiO2 and
related to the formation of Ti 3d states consecutive to a Ti4+ →
Ti3+ reduction due to charge imbalance. A deeper analysis of
the gap states reveals the same behavior here. Indeed, the gap
states are generated by the hybridization of 4d orbitals of two
Zr atoms, which get closer upon layer reconstruction. Note
that this change appears to be associated with local effects as
increasing the number of oxygen vacancies does not lead to a
systematic increase in the density of such specific states. Recent
theoretical studies have also reported the possibility of
manipulating spin polarization in oxides by generating
vacancies.70,71 Although this process relies on the removal of
a metallic atom, we have briefly considered this aspect here by
applying a spin-polarized calculation for our 4VO interface
geometry. Interestingly, we observe a significant spin polar-
ization only for the two hybridized zirconium atoms described
above, with an atomic spin moment (asm) of −0.82 and −0.71
μB (a third closely lying zirconium atom also displays an asm
value of −0.18 μB). The other atoms remain unaffected or have
an |asm| lower than 0.07 μB, which indicates that it is mainly
the local restructuration and atomic hybridization induced by
the vacancy that drives the induced atomic spin moment rather
than the concentration of vacancy. This observation is
consistent with experimental results obtained on TiO2 samples

Figure 6. (A) Evolution of the three interface distances discussed in
the text, dmin (circle), dAgO (empty triangle), and dAgOZr, (filled
triangle) when increasing: (i) the number of oxygen vacancies VO
(first series of points); (ii) the number of zirconium vacancies VZr
(second series of points); and (iii) by mixing oxygen and zirconium
vacancies (last series). (B) Evolution of the RMSD as defined in the
text when increasing: (i) the number of oxygen vacancies VO; (ii) the
number of zirconium vacancies VZr; and (iii) by mixing oxygen and
zirconium vacancies.

Figure 7. Atomic distribution inside the ZrO2 layers for the several
ZrO2 + nVO oxide surfaces. The number of oxygen atoms (red) and
zirconium atoms (green) is reported as a function of the distance
from the silver layers by a step of 0.5 Å. The pristine ZrO2 oxide in the
absence of silver is also shown for comparison.

Figure 8. Projected density of states (PDOS) for the interfaces with
vacancies. (A) Oxygen vacancies, (B) oxygen vacancies with a zoom
on the gap state area, (C) zirconium vacancies, and (D) zirconium
and oxygen vacancies. PDOS for silver, oxygen, and zirconium are
represented in gray, red, and green, respectively. The total DOS is in
black. The Fermi level is represented by a dashed line.
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indicating that even a decrease in the spin polarization can be
observed in the presence of a too large number of vacancies;
this behavior is attributed to the formation of clusters of
vacancies.70

The introduction of vacancies induces a charge transfer from
the oxide into the silver that evolves in amplitude in a quasi-
linear way for a small number of vacancies (less than 8%) and
saturates at higher ratios (Figure 9). This is nicely correlated

with the evolution of the work of adhesion, which increases
linearly from 0.15 J m−2 up to more than 1.5 J m−2 at 8% of
vacancies in oxygen before reaching a plateau at higher values.
This transition can be associated with the increase in the
disorder at the interface area, as reflected by the linear increase
in the interface RMSD but also by a larger dispersion of the
data, especially the bond orders (see error bars in Figure 9), for
the oxide with four of more oxygen vacancies.
3.3.2. Zirconium Vacancies (VZr). Similar to the procedure

described above, we generate here random vacancies in
zirconium by removing one, two, four, and eight atoms inside
the oxide layers. The distance dAgO slightly decreases with a
growing number of vacancies and goes down below 2.0 Å for
VZr = 8; the same trend prevails for dmin though the drop
occurs in a larger extent down to ca. 0.9 Å for VZr = 8, which
underlines a strong degree of restructuration of the oxide
contact plane, with the oxygen atoms moving closer to the
silver layer. In contrast to the VO case, both dAgO and dAgOZr
display a parallel evolution evidencing that the geometric
restructuration occurs in a more cooperative way; in other
words, all ZrO2 layers move closer to the silver layer with less
internal restructuration inside the zirconia layer. This is further
supported by the evolution of the RMSD that slowly increases
in the presence of VZr compared to VO. The RMSD of the
silver atoms stays on the order of 0.2 Å, whatever the number
of VZr, thus pointing as well to a weak internal restructuration.
This behavior is also reflected by the smaller dispersion of the
interfacial parameters (silver charges and SEBO) compared to

the VO cases, as seen in Figure 9, where the standard deviation
and extreme values are reported.
The impact of VZr vacancies on the electronic structure of

the interface is shown in Figure 8. We observe a shift of the
Fermi level toward the valence band edge localized on the
oxygen in a way similar as for p-type doping (see the previous
section). In contrast to VO, no gap states are observed in the
presence of VZr. The introduction of zirconium vacancies
induces a charge transfer in the opposite direction compared to
the oxygen vacancies, with the accumulation of positive
charges in the silver plane. The evolution of the charge
transfer with the density of vacancies is represented in Figure
8; there are two distinct regimes, with first an increase in the
charge transfer with a small number of vacancies (VZr = 1−2)
followed by a saturation limit after VZr = 4. This trend is fully
reproduced when calculating the work of adhesion, with a
strong linear increase from 0.156 J m−2 (VZr = 0) up to ca. 2.0 J
m−2 (VZr = 2), followed by a plateau for a yet higher number of
vacancies; this correlation fully demonstrates that the increase
in the work of adhesion is driven by the Coulomb attraction
between the charges of the opposite sign at the two sides of the
interfaces. Combining now the results obtained for VO and VZr,
we are led to the conclusion that the presence of a single type
of vacancies has a large positive impact on the strength of
adhesion. This further indicates that it is the intensity of the
charge transfer rather than its direction (from metal to oxide or
vice versa) that drives the improvement in the adhesion
properties. Moreover, the Zr vacancies are found to have a
stronger impact on the adhesive properties than VO. This trend
is actually observed for both homo and mixed vacancies (vide
inf ra). We can use as indicators of a good adhesion: (a) the
magnitude of the interfacial charge transfer; (b) the bond order
(SEBO); and (c) the average interfacial distance. Although
these parameters are closely related, we demonstrated that they
can act constructively or destructively depending on the nature
of the oxide layer (atomic species, polar versus nonpolar
facet).16 For the sake of illustration, polar (0001̅) ZnO and
(001) ZrO2 surfaces combine both a large charge transfer and
bond order with the silver layers, as reflected by their high
adhesion energies (2.0−3.0 J m−2) while nonpolar (101̅0)
ZnO has a high bond order but a very weak charge transfer
with silver, leading to a reduction by a factor 2 with respect to
the polar case. In the present study, VZr- and VO-based systems
display the same general trend with first a linear evolution of
the charge transfer and SEBO with the number of vacancies
followed by a saturation plateau (Figure 9). For VO-based
systems, the transition between these two regimes appears after
four vacancies in oxygen (∼4% of vacancy doping). VZr-based
systems adopt the same behavior at the same doping value
limit when taking into account the stoichiometry since the
saturation is reached after two vacancies in zirconium. At a
high concentration of vacancies (up to 4%), similar charge
transfer amplitudes QAg (with opposite direction) and similar
SEBO are obtained for both VZr- and VO-based systems. For
VO, QAg is between −0.2 and −0.3 |e| with a maximum SEBO
of ∼0.55, see Figure 9. In the case of VZr, the absolute value of
the charge transfer is slightly reduced (∼0.2 |e|) but is
compensated by a higher SEBO with values between 0.65 and
0.70 for a high concentration of VZr. However, the main
difference appears in the geometry reorganization at the
interface, especially in the behavior of the average interface
distance, dAg−O. In the case of oxygen vacancies, a large
restructuration occurs at the interface area (see Figure 6)

Figure 9. Investigated interfacial properties for the ZrO2/Ag interface
as a function of the number of vacancies in oxygen atoms nVO (red
points), in zirconium atoms mVZr (green points), or when mixing nVO
and mVZr vacancies (blue points). The calculated values for the
pristine case (*) are given in purple for comparison. (A) Calculated
work of separation, W. (B) Average charges on the silver atoms facing
the oxide surface atoms (filled dot). (C) Sum of effective bond order,
SEBO, (filled dot). For these two last quantities, the minimum and
maximum values in the data distribution are represented by black
error bars, while the color error bars represent the standard deviations
of the distribution.
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though dAgO stays globally constant around 2.5−2.6 Å. In the
case of VZr vacancies, local reconstructions also take place (as
evidenced from the RMSD evolution and dmin distance) but
with a linear decrease in the average interfacial distance below
2.0 Å at high VZr concentration. This variation by 0.5 Å of the
interface distance coupled to a similar charge transfer and bond
order can explain the stronger adhesive properties of VZr-
compared to VO-based interfaces. One might have expected
this difference in the interface distances to be reflected in the
values of charge transfer and bond order displayed in Figure 9.
However, the local structural effects that appear only in the
VZr-based systems (with oxygen atoms moving very close to
the interface area) do contribute to increase the work of
adhesion although hidden when presenting the average data
collected in Figure 9.
3.3.3. Mixed Vacancies (VO + VZr). We now consider the

presence of both oxygen and zirconium vacancies inside the
oxide layer by first considering a stoichiometric ratio. More
precisely, we have calculated two interface structures with one
(1VZr + 2VO) and two (2VZr + 4VO) missing ZrO2 unit(s) in
the oxide layer, with VO and VZr randomly distributed. The
calculated projected density of states show that no
modification in the electronic structure is observed in these
specific conditions. Similarly, the work of adhesion calculated
on these two interface structures slightly varies compared to
the reference pristine interface (W = 0.156 J m−2), with W of
0.173 J m−2 for (1VZr + 2VO) and 0.136 J m−2 for (2VZr +
4VO). The analysis of the charge transfer and bond order
reveals that the presence of a stoichiometric number of VO and
VZr vacancies has no influence on the charge density profile
and yields only a tiny change in the bond order. These results
thus indicate that improving adhesive properties requires the
oxide to be out of stoichiometry. To fully confirm this, we have
generated two other structures containing: (i) an excess of
oxygen vacancies with a 1:4 ratio (1VZr + 4VO) and (ii) an
excess of zirconium vacancies with a 2:2 ratio (2VZr + 2VO).
The analysis of the resulting ZrO2/Ag interface shows that the
variation in the characteristic interface distances is consistent
with the evolutions observed with homo-vacancies for the
species in excess. Indeed, the system containing an excess of
VO displays an interface distance dAg−O of 2.50 Å that is similar
to the distance computed for the interface with one or two VO
vacancy(ies). In the opposite case (i.e., an excess of VZr), a
decrease in the interface distance dAg−O down to 2.2 Å is
observed, as it is the case with VZr vacancies alone. The
modification of the VZr/VO ratio also has an impact on the
electronic structure. Going out of stoichiometry modifies the
projected density of states in a similar way as single vacancies
do, namely, with a displacement of the valence band edge and
the appearance of gap states for the 1:4 system (as observed for
VO) and a displacement of the conduction band edge for the
2:2 system (as observed for VZr), see Figure 8. As a
consequence, an excess of one type of vacancy strongly
impacts also the calculated work of adhesion. For the (1VZr +
4VO) and (2VZr + 2VO) systems, the work of adhesion is
calculated to be 0.564 and 1.193 J m−2, respectively; these two
values are fully consistent with those obtained for homo-
vacancies, with VZr having a stronger impact on the work of
adhesion than VO. The profiles of charge density difference
also evidence the inversion of the charge transfer direction
when changing the VZr/VO ratio, as discussed before for the
homo-vacancy cases.

3.4. Formation Energies. Previous sections have
described the impact of introducing vacancies on the work
of adhesion and have pointed to a stronger impact of VZr
compared to VO. Here, we discuss the calculated formation
energies of the different defects to assess whether some are
more favored than others from a thermodynamic perspective.
The calculations have been performed on the bare oxide
surface using the procedure described in Section 2. The results
are given in Figure 10, where we report the evolution of the

formation energies with respect to the oxygen chemical
potential ranging between the rich and poor conditions given
by expressions 5.1 and 5.2. The formation of neutral oxygen
vacancies appears to be favored in poor oxygen conditions with
a small impact of the actual number of vacancies, while neutral
zirconium vacancies are less stable even at zirconium poor
conditions (oxygen-rich, μO = 0). This points to a preferred
formation of oxygen vacancies rather than zirconium vacancies
in such structures, which was also reported theoretically for
cubic bulk zirconia and in a surface slab of zirconia.69 For the
mixed-vacancy cases, the two stoichiometric ratios (2VO + VZr
and 4VO + 2VZr, where m = n/2) make expression 9
independent of the oxygen chemical potential and correspond
to the most stable defective defects. These two systems are less
stable than the pristine case with ΔEf of +0.72 and +0.50 eV
for 2VO + VZr and 4VO + 2VZr, respectively. When going out of
stoichiometry, an excess of zirconium vacancy (2VO + 2VZr) is
unstable whatever the chemical potential, while an excess of
oxygen vacancy (4VO + 1VZr) leads to a decrease in ΔEf in
poor oxygen conditions. This is consistent with the behavior
observed in the case of homo-vacancies and the preference for
lacunar defects in oxygen rather than in zirconium. Altogether,
starting from a given oxygen chemical potential (or
stoichiometric ratio), this graph demonstrates that several
defects can be created in parallel depending on the input
energy received by the sample.
The thermodynamic conditions that stabilize interfaces with

oxygen vacancies can be described in first approximation by
introducing a dependence on pressure and temperature in the
definition of the oxygen chemical potential as follows

μ = +T p E k T
p
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where T and p are the temperature and pressure of the oxygen
gas, kB the Boltzmann constant, and p0 the atmospheric

Figure 10. Evolution of the formation energy per vacancy calculated
in the free oxide surface as a function of the oxygen chemical
potential. The density of oxygen vacancies increases when varying μO
from the right side to the left side of the graph.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c07579
ACS Appl. Mater. Interfaces 2020, 12, 40838−40849

40846

https://pubs.acs.org/doi/10.1021/acsami.0c07579?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07579?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07579?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07579?fig=fig10&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c07579?ref=pdf


pressure. From this expression, we can define the surface
energy as

γ μ= [ − − + ]T p
A

E E E n T p( , )
1

( , )tot Ag ZrO O O2 (12)

with Etot being the total energy of the interface and EAg/EZrO2

being the total energy of the silver and oxide layer in their
pristine conditions. Under this form, expression 12 corre-
sponds, when no vacancy is introduced in the system (nO = 0),
to the commonly used expression of the surface energy and has
an opposite sign with respect to the calculated work of
adhesion discussed before (γ = −0.156 J m−2). When working
at atmospheric pressure (p = p0), the contribution of the
chemical potential is independent of temperature and takes its
maximal value corresponding to 1/2 EO2

(our zero reference
for μO). Based on the data given in Figure 10, the formation
energy of defect is highly unfavorable under these conditions.
Indeed, the calculated γ for the interface with one oxygen
vacancy at p0 is larger by 0.6 J m−2 with respect to the pristine
case. The stabilization of this interface can be achieved by
working at low gas pressure and/or high temperature. In
Figure 11, we reported the calculated temperature/pressure

diagram for the pristine interface versus the interface with one
oxygen vacancy. On that basis, the pristine interface appears to
be more stable under a large range of temperatures when
working at pressure between 10−1 and 1 atm. Below 10−2 atm
and for high temperature, the interface with one vacancy is
stabilized and will be the preferential one at room temperature
at very low pressure (<10−9 atm).

4. CONCLUSIONS

In this study, we computed by means of a periodical quantum-
chemical approach the change in the adhesive properties (work
of adhesion, W) of a metal oxide/silver interface, i.e., the
ZrO2(111)/Ag(111) interface, when introducing dopants or
vacancies. We focused on this interface because, despite the
advantages of using zirconia, it exhibits a very low work of
adhesion in the pristine state and is thus prone to the largest
improvements. To study the doping effects, we adopted the
VCA approach and modeled n-type and p-type-doped zirconia.
Both types of doping have been shown to strongly affect the
adhesive properties, with an increase in the work of adhesion
up to 0.8 J m−2 (n-type) and 2.0 (p-type) J m−2 at a high
doping ratio (10%); such values are comparable to those
obtained at the same level of theory for the most adhesive
polar oxide surfaces such as ZnO. On the other hand, we have
considered vacancies in oxygen atoms (VO), zirconium atoms
(VZr), and mixed vacancies (VO + VZr), in stoichiometric or

nonstoichiometric ratios. Our calculations show that the
presence of vacancies strongly affects the adhesive properties
of silver onto the oxide with a linear increase in W at a small
number of vacancies (∼4% and less) before reaching a
saturation plateau at higher concentrations. The value of the
work of adhesion at this saturation limit has the same order of
magnitude as the value obtained for the n/p-doped case, with
W ∼ 1.5 J m−2 for VO and W ∼ 2.0 J m−2 for VZr. The
stoichiometric cases do not show any increase in the work of
adhesion compared to the pristine ZrO2/Ag interface, which
indicates that this effect is purely connected to the presence of
an excess of vacancies of one kind acting as doping centers.
Indeed, the two nonstoichiometric cases yield similar results
than those obtained assuming homo-vacancies in the species in
excess. The calculation of the formation energy of defects
within the oxide layers of various starting stoichiometries (or
oxygen chemical potentials) shows that the presence of neutral
VZr inside the layer is typically not favored (although it is
calculated as the best scenario in terms of strong adhesive
properties). However, neutral VO also yields good adhesive
properties with high stability in poor oxygen conditions and,
thus, appear to be the ideal candidate to increase adhesive
properties in oxide/silver interfaces presenting poor adhesion
in their pristine form. These results demonstrate that “poor”
interfaces in term of work of adhesion can be strongly
improved by a fine-tuning of the oxide layer via dopants or
vacancies. This approach can thus increase the number of
potential materials in the development of new low-e glasses.
Implementing chemical modifications in an oxide material for
adhesion enhancement while conserving its other native
properties (such as stress resistance or chemical stability,
etc.) might, however, be challenging. This opens the way for
further theoretical and experimental investigations.
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(57) Grau-Crespo, R.; Hernańdez, N. C.; Sanz, J. F.; de Leeuw, N.
H. Redox Properties of Gold-Substituted Zirconia Surfaces. J. Mater.
Chem. 2009, 19, 710−717.
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