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ABSTRACT: Ultrathin oxide film is currently one of the
paramount candidates for a heterogeneous catalyst because it
provides an additional dimension, i.e., film thickness, to
control chemical reactivity. Here, we demonstrate that the
chemical reactivity of ultrathin MgO film grown on Ag(100)
substrate for the dissociation of individual water molecules can
be systematically controlled by interface dopants over the film
thickness. Density functional theory calculations revealed that
adhesion at the oxide−metal interface can be addressed by the
ligand field effect and is linearly correlated with the chemical
reactivity of the oxide film. In addition, our results indicate that the concentration of dopant at the interface can be controlled by
tuning the drawing ef fect of oxide film. Our study provides not only profound insight into chemical reactivity control of ultrathin
oxide film supported by a metal substrate but also an impetus for investigating ultrathin oxide films for a wider range of
applications.

■ INTRODUCTION
A variety of oxides have long been considered potential
materials for applications ranging from gas sensing, coating, and
catalysts to use as magnetic, optical, and electronic devices due
to their diverse chemical and physical properties.1 The
fundamental importance of and great interest in oxide materials
have been extended of late to their ultrathin films because they
provide an additional controllable dimension, that is, film
thickness, which is not available in bulk oxides.2,3 In particular,
ultrathin oxide films, such as MgO, Al2O3, FeO, and SiO2,
grown on metal substrates have been intensively investigated
not only as supporting materials for chemically active
nanoparticles but also as catalysts.4,5 Typical ways to control
the properties of adsorbates on ultrathin oxide films via various
tunable factors are illustrated in Figure 1: (1) charge
redistribution between adsorbates and the oxide−metal inter-
face is considered significant in activating adsorbates, such as
O2, NO2, and Au atoms or clusters, which can be described by
both workfunction reduction due to oxide film and high
electron affinity (EA) of adsorbates;6−11 (2) the enhancement
of adhesion strength with strong polaronic distortion plays a
pivotal role in H2O dissociation on MgO/Ag(100);12−14 (3)
the thickness of the oxide film closely associates with both the
charging of adsorbates and interface adhesion;11−13,15 last, (4)
the change in oxygen composition of polar FeO film grown on
Pt(111) was reported to facilitate CO oxidation depending on
the ambient oxygen concentration.16,17

Remarkable controllability in the chemical reactivity of an
ultrathin oxide film compared to its bulk counterpart has been
found in water dissociation on ultrathin MgO film supported by
a Ag(100) substrate,13,15,18 which is a subject not only of an
increasing level of attention as an elementary step for pure
hydrogen generation19 but also of fundamental scientific
interest.20 Water dissociation on ultrathin MgO film has been
reported to be largely enhanced compared to that on the bulk
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Figure 1. Schematic diagram of the factors having an influence on the
chemical reactivity of ultrathin oxide film supported by a metal
substrate.
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via experiments using X-ray photoelectron and Auger
spectroscopic methods.18 As well, we have recently demon-
strated, using scanning tunneling microscopy experiment
combined with density functional theory (DFT) calculations,
that the dissociation path of individual water molecules (H2O
→ 2H+ + O2− or OH− + H+) on MgO/Ag(100) can be
selectively achieved by varying the energy of tunneling
electrons and that the chemical reactivity of ultrathin MgO
film can be controlled by the film thickness.15 We revealed that
the change in adhesion strength due to the electronic structure
at the oxide−metal interface is essential to explaining the film
thickness dependence of chemical reactivity for water
dissociation, which is not influenced by the charging of
adsorbates on the film surface, due to the low EA of adsorbates
during the reaction.13 In addition to water dissociation, the
oxide−metal interface also plays an important role in the
dissociation of O2 molecules on MgO/Ag(100), where O2
molecules with high EA are activated by the charge transfer
from the interface, and thus it has been theoretically suggested
as a low-temperature CO oxidation catalyst.9,10 Therefore, we
have recently proposed that manipulation of the local interface
structure, for example, introducing an oxygen vacancy at the
interface, can be applied to enable tailoring of the chemical
reactivity of the ultrathin oxide film.14

Surface engineering techniques such as ad-atoms, doping,
and alloys have been considered promising solutions for
creating surfaces with desired chemical and physical proper-
ties.21−23 However, studies on interface engineering of ultrathin
oxide films grown on metal substrates are yet rarely performed
and demand a more systematic approach to get deep
insight.14,24 Interface engineering can be suggested as a strategy
for improving durability because the interface is protected from
chemical reactions occurring on the surface. Here, using spin-
polarized periodic DFT calculations, we demonstrate that the
chemical reactivity of an ultrathin MgO film supported by a Ag
substrate can be systematically controlled with an interface
dopant and further accounted for, with the aid of ligand field
theory (LFT),25 by the interaction between the dopant and the
oxide layer at the interface. As model systems for interface
engineering, we introduced to the oxide−metal interface 3d
transition metal (TM) dopants (DTM = Sc ∼ Zn) (Figure 2)
that have been successfully used in controlling photocatalytic26

and magnetic27 behaviors of oxide materials due to the high
tunability with a number of d electrons. Introduction of
dopants28,29 or interstitials30 at subsurface layers of the oxide
support has also been demonstrated as a way to tailor the
equilibrium shape of gold ad-particles and thus chemical
reactivity.

■ RESULTS AND DISCUSSION
Stability of Dopants at the Oxide−Metal Interface.

Whereas the modification of chemical composition with
dopants permits the control of material functions, it may also
cause instability issues due to structural distortion.31 Therefore,
we first evaluated the thermodynamic stability of the interface
dopant via formation energy calculations at a single impurity
level. Part a of Figure 3 shows the formation energies associated
with doping, that is, the substitution of 3d TM atoms (Sc ∼
Zn) onto the first Ag layer of both bare and MgO film-covered
Ag(100) substrates, Ef(1)

dop(Ag(100)) and Ef(1)
dop(MgO/Ag(100)),

respectively. For all elements except Zn, the substitution of a
Ag atom by a 3d TM atom is thermodynamically favorable both
at the surface layer of Ag(100) and at the interface Ag layer of
MgO/Ag(100). The energy difference (ΔEf(1)

dop) between
Ef(1)
dop(MgO/Ag(100)) and Ef(1)

dop(Ag(100)) shows that the
MgO film stabilizes the interface dopant and the amount of
stabilization decreases overall when going up in the 3d series
from Ti to Zn (filled circles in part c of Figure 3 and also Table
S1 of the Supporting Information for detailed numerical
values). This qualitatively agrees well with the bond energy
descriptor for the TM−O interaction in 3d TM oxides,32 which
implies that, as the interaction between oxygen and TM dopant
at the interface strengthens, the more effectively the dopant is
stabilized.
The chemical composition at the surface region of an alloy

system may differ from that at the bulk region,33 because the
dopants can migrate to the interior of the bulk layer as observed
in Pd/Ag(100).34 Therefore, we investigated the spatial
preference of a dopant in (oxide film-covered) metal substrate
with the energy difference according to the location of the
dopant in the host metal substrate. Part b of Figure 3 shows the
difference between the formation energies for doping into the
first and second layers of a Ag substrate for both bare and MgO
film-covered Ag(100), ΔEf(1−2)dop (Ag(100)) and ΔEf(1−2)dop (MgO/
Ag(100)), respectively. It is obvious that the TM dopant can be
remarkably well stabilized at the MgO−Ag interface in
comparison with the uncovered Ag(100) surface (as indicated
by the dotted arrow in part b of Figure 3). This spatial
preference of the dopant indicates that the deposition of oxide
film can enhance the concentration of the dopant at the
interface layer of MgO/Ag(100). The amount of stabilization of
the interface dopant due to MgO film with respect to when the
dopant locates at the second layer of the Ag substrate,
ΔΔEf(1−2)dop , is similar to ΔEf(1)

dop as a matter of course, because the
stability of interface dopant increases as the TM−O interaction
strengthens (open circles in part c of Figure 3). As a result,
from the thermodynamic viewpoint, the Ti and Sc dopants are
expected to be dominantly positioned at the oxide−metal
interface. Our results imply not only that the deposition of
ultrathin oxide film on the metal substrate including dopants
promises to achieve desired imperfections at the oxide−metal
interface, which we term the drawing ef fect of oxide film, but
also that the relative distribution of dopants at the oxide−metal
interface can be predicted using the interaction strength
between (anionic) oxygen and TM dopants.

Figure 2. Dissociation of water molecules on ultrathin MgO film
grown on Ag(100) substrate with interface dopants of first row 3d
transition metal. (Ag, gray; 3d TM dopant, blue; Mg, green; O, red; H,
white)
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Dissociation of Water Molecules on MgO/Ag(100)
with an Interface Dopant. To investigate the influence of
interface dopant on the chemical reactivity of ultrathin oxide
film for the dissociation of water molecules, we examined the

dissociation mechanism of individual water molecules adsorbed
upon a MgO film surface with a dopant as shown in part a of
Figure 4. A water molecule first adsorbs asymmetrically on top
of the surface magnesium (Mg1), located over a TM dopant

Figure 3. Stability of dopants at the oxide−metal interface. (a) Formation energies due to doping of 3d TM atom to first layer of both bare and
MgO-covered Ag(100) substrates, Ef(1)

dop(Ag(100)) and Ef(1)
dop(MgO/Ag(100)), respectively. (b) The difference between the formation energies for

doping at the first and second layers in a Ag substrate of Ag(100) and MgO/Ag(100), ΔEf(1−2)dop (Ag(100)) and ΔEf(1−2)dop (MgO/Ag(100)), respectively.
The increase of stabilization due to the drawing ef fect of MgO film is indicated by dotted arrow. The minus (plus) sign in energy indicates that the
preference position of dopant is first (second) layer. (c) The amounts of stabilization of the dopant at the interface layer due to MgO film for (a) and
(b), ΔEf(1)dop and ΔΔEf(1−2)dop , respectively.

Figure 4. Water dissociation on MgO/Ag(100) with interface dopants. (a) Dissociation mechanism of the individual water molecule on an ultrathin
MgO film supported by doped and nondoped Ag(100) substrates. (Ag, gray; 3d TM dopant, blue; Mg, green; O, red; H, white) (b) Reaction energy
diagram (in eV) for the water dissociation on the nondoped (ND) 1- and 2-ML MgO/Ag(100) surfaces and on MgO film surface deposited on a Ti-
doped Ag(100) substrate (int-Tidop) at the oxide−metal interface. Nondissociative adsorption (A), transition state (T), and dissociative adsorption
(D) energies are evaluated relative to E(H2O) + E(Substrate) = 0 eV. Dissociation barrier, Ea = E(T) − E(A). (c) The variations of E(A), E(D), and
Ea along the 3d TM (Sc ∼ Zn) dopants.
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(DTM), where one hydrogen atom (H1) interacts with a
neighboring surface oxygen (Os) via hydrogen bonding. When
the water molecule dissociates into H+ + OH−, H+ forms a
hydroxyl ion (OsH1) by bonding with surface oxygen, and
OH− (OwH2) bonds with the two nearest magnesium ions
(Mg1 and Mg2). (w and s denote water and surface,
respectively.) It should be noted that the dissociation
mechanism is not changed by the interface dopants compared
with the nondoped system, which means that the chemical
reactivity of the MgO film grown on a Ag(100) substrate can be
controlled by interface manipulation with the established
mechanism.12,13,15 Part b of Figure 4 shows the reaction energy
diagram for the dissociation of individual water molecules on
nondoped (ND) 1- and 2-ML MgO/Ag(100) surfaces13,15 and
on an MgO film surface deposited on a Ti-doped Ag substrate
(int-Tidop), where Ti is the most reactive dopant among all the
3d TM series (part c of Figure 4 and Table S2 of the
Supporting Information for detailed numerical values). All
energies are evaluated relative to E(H2O) + E(substrate) = 0
eV, that is, the clean surface before adsorption (S). A
remarkable improvement in chemical reactivity for water
dissociation over thickness dependence13,15 was achieved in
int-Tidop, where the water molecule is more strongly adsorbed
and more easily dissociated on int-Tidop. The nondissociative
molecular adsorption (E(A)), transition state (E(T)), and
dissociative adsorption (E(D)) energies for int-Tidop are lower
than those of ND film with same film thickness by 0.17, 0.51,
and 0.48 eV, respectively. The barrier height (Ea), E(T) −
E(A), is, therefore, noticeably reduced by 44% and 60% from
those of 2-ML ND MgO film and bulk MgO, respectively. We
have already reported such improvement in the chemical
reactivity of MgO/Ag(100) for water dissociation by an O
vacancy at the interface MgO layer14 (Table S2 of the
Supporting Information). However, the formation energy for
an interface dopant (e.g., −2.55 eV for int-Tidop) is much lower
than that for O vacancy formation (5.30 eV for int-Ovac) at the
oxide−metal interface. This result indicates that the interface
dopants with 3d TM provide a better chance for controlling the
chemical reactivity of ultrathin oxide film than expected with
the interface O vacancy.
Our systematic study on the doping of 3d TM into the

oxide−metal interface provides a new perspective that the
chemical reactivity of ultrathin oxide film grown on a metal
substrate can be finely tuned by interface manipulation. Part c
of Figure 4 shows the variation of the reaction energies, such as

E(A), E(D), and Ea, during the dissociation of individual water
molecules on MgO/Ag(100) according to the kind of interface
dopant (Sc ∼ Zn). Interestingly, the shape of reaction energy
variation along 3d TM series clearly shows a double-humped
pattern,35 which is commonly observed in organometallic
systems explained by ligand field stabilization energy (LFSE)
with weak field ligands (Figure S1 of the Supporting
Information for the magnetic moments and the atomic charges
of interface dopants). The electronic configuration of high-spin
TM complexes represented by the small ligand field splitting of
TM d orbitals results in a characteristic double-humped pattern
according to the amount of d electron stabilization such as the
hydration enthalpy of bivalent TM ions ([TM(H2O)6]

2+).36

Because the only compositional difference among the systems
is a TM dopant introduced into the interfacial metal layer, the
result illustrated in part c of Figure 4 reasonably suggests that
interfacial DTM−Oi interaction is closely related to the chemical
reactivity of ultrathin MgO film. All representative adhesion
properties (Figure 5) reinforce the ligand field effect (i.e.,
DTM−Oi interaction) at the oxide−metal interface, in which all
the properties present the double-humped pattern with the
identical minima (Ti and Fe) as shown in part c of Figure 4.
The more reactive TM-doped system accompanies the larger
adhesion energy (part a of Figure 5), the stronger rumpling
(part b of Figure 5) and the shorter distance between dopant
and interacting oxygen (d(DTM−Oi)) (part c of Figure 5). Our
result is consistent with the importance of local geometric and
electronic structures due to interface dopant in determining the
global adhesion of Al2O3/Ni(111).

37 The much larger change
in the double-humped pattern at the higher 3d series (Co ∼
Zn), as shown in parts b and c of Figure 5, can be also
explained by a greater change in adhesion strength compared to
those of lower 3d series during the dissociation of adsorbed
water molecules (A→ D). As we already reported in a previous
study of int-Ovac,

14 the enhancement of the charge density
accumulation at the interface can address the stronger adhesion
strengthening at the higher 3d series during dissociation (A →
D) compared to the nondissociative molecular adsorption (S
→ A). (charge density difference maps in Figures S2−S4 of the
Supporting Information.)

Ligand Field Effect for a Dopant at the Oxide−Metal
Interface. The nature of the interfacial interaction between
oxide film and a metal substrate cannot be easily described by a
single term because it consists of complex combinations of
various contributing factors: hybridization, polarization, charge

Figure 5. Double-humped pattern in the adhesion properties of the interface doped MgO/Ag(100). The variations of (a) adhesion energy between
oxide and metal layers, (b) rumpling of interface MgO layer, and (c) DTM-Oi distance during water dissociation, from before adsorption (S) through
molecular adsorption (A) to the dissociative adsorption (D) stages, on doped MgO/Ag(100). The adhesion energy, Eadh = E(int-Mdop) − [E(MgO)
+ E(M-doped Ag)], is calculated using the corresponding geometry in the optimized structure for S stage. The rumpling is defined as the difference
between the z coordinates of the highest and lowest atoms in the layer. The atomic notations are marked in part a of Figure 4.
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transfer, dispersion, and so forth.4,38,39 Despite those complex-
ities, we show that the chemical reactivity of an ultrathin oxide
film supported by a doped-metal substrate can be mainly
governed by the hybridization between the electronic states of a
DTM and an Oi (of oxide layer) at the interface. For systematic
study on the influence of dopants upon the electronic structure
at the oxide−metal interface, the projected density of states
(PDOS) diagrams of 3dz2(DTM) and 2pz(Oi) states for the all
doped MgO/Ag(100) systems are illustrated in parts a and b of
Figure 6, respectively. The distribution of electronic states for
bonding and antibonding states is depicted by dotted blue and
red circles respectively on the PDOS diagram of 2pz(Oi) states
(parts a and b of Figure 6). The identical alignment of the
bonding states (about −7 ∼ −3 eV) between a DTM and an Oi
in PDOS diagrams indicates the existence of orbital interaction
along the z axis at the interface. Part c of Figure 6 clearly shows

the charge density distribution of the bonding and antibonding
states between 3dz2(DTM) and 2pz(Oi) states in the occupied
region for int-Fedop, which corresponds to the second minimum
of the double-humped pattern shown in part c of Figure 4.
Hybridization, that is, the formation of bonding and
antibonding states, between the electronic states of DTM and
Oi indicates that ultrathin MgO film behaves as a ligand for the
interface dopants. (Figure S5 of the Supporting Information for
the detailed PDOS diagrams of int-Tidop and int-Fedop during
the reaction.) The correlation between global adhesion strength
and the local DTM−Oi interaction is also well explained by the
PDOS diagrams. At the higher 3d series (Mn ∼ Zn), the
antibonding states become partially occupied (about −2 ∼ 0
eV) and their adhesion energies decrease overall compared to
the lower 3d series, as shown in part a of Figure 5. For
quantitative discussion on the correlation between the adhesion

Figure 6. Electronic structure at the interface determined by ligand field effect. Projected density of states (PDOS) of 3d TM (DTM) doped MgO/
Ag(100) (int-Mdop, M = Sc ∼ Zn) before the adsorption of water molecule (S); (a) 3dz2(DTM) and (b) 2pz(Oi). The scale in the y axis is (a):(b) =
2:1. Only up-spin states are plotted for clarity considering the weak field nature (Figure S1 of the Supporting Information). Bonding and antibonding
states are depicted in (a) and (b) with blue and red dotted lines, respectively. (c) Band-decomposed partial charge density maps (at Γ-point)
corresponding to the bonding (left, −6.24 eV) and antibonding (right, −1.65 eV) states between 3dz2(Fe) and 2pz(Oi) in occupied region of int-
Fedop system. Color and contour grid for the probability of finding the electron varies from 0.00 (blue) to 0.01 (red) e/bohr.3 (d) The variation of
the effective center of occupied 2pz(Oi) states (εd) as an indicator of the splitting order of 3dz2 states of the TM dopant, from before adsorption (S)
through molecular adsorption (A) to the dissociative adsorption (D) stages, on int-Mdop (M = Sc ∼ Zn). The εd values are evaluated in the occupied
region within 8 eV from Fermi level (EF).
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energy, or further chemical reactivity, of the interface-doped
MgO/Ag(100) and the d states arrangement at the interface,
we employed the effective center of occupied 2pz(Oi) states
(εd) as an indicator of the splitting order of 3dz2(DTM) states
(part d of Figure 6). The electronic structure of 3dz2 states of
dopants also involves interaction with the Ag substrate, as well
as with the interfacial oxygen (Oi) of MgO, and thus is too
complicated to be used in the analysis as shown in part a of
Figure 6. Therefore, the strongly localized 2pz(Oi), only
hybridized with interface dopants, was used to evaluate the
amount of d states splitting due to DTM−Oi interaction along
the z axis. The εd was evaluated in the occupied region from −8
eV to the Fermi level (EF), in which the weakening effect due to
the occupation of antibonding states can be counted as well as
the alignment of electronic states due to ligand field effect at
the interface.40 The variation of εd shows a very similar pattern
to that of adhesion strength (part a of Figure 5) and further
chemical reactivity (part c of Figure 4) depending on the kind
of dopants.
Finally, we examined for correlation among adhesion energy,

chemical reactivity and the electronic structure at the interface
in detail. Part a of Figure 7 clarifies that the amount of splitting
in DTM d states due to hybridization between the electronic
states of the dopants (TM) and MgO film (ligand) can be
considered a dominant factor in determining the chemical
reactivity of the interface-doped MgO/Ag(100). The linear
regression results presented in part b of Figure 7 also show a
remarkable correlation between the chemical reactivity of
ultrathin MgO film and adhesion energy between MgO and Ag
layers. It should here be stressed that the electronic structure
and adhesion energy of a clean MgO/Ag(100) before
adsorption (S) has good correlation with E(A), even further
with E(D) and Ea. Thus, the splitting in DTM d states by ligand
field effect at the interface can be considered as a promising
descriptor in estimating chemical reactivity for efficient
materials design.
Our results revealed that the chemical reactivity of the oxide

film surface is strongly dependent on the tailored electronic
structure caused by the interface dopants at the impurity level,
which implies that chemical reactivity can be systematically
controlled by adjusting adhesion strength using interface
dopants. This observation strongly suggests the advantage of
interface manipulation compared to direct modification of a
surface structure. The manipulated interface can be protected
from chemical reactions by ultrathin oxide film. Therefore, the
durability of the developed system and the fine-tuning of its
chemical reactivity can be achieved without serious perturba-
tion in the reaction mechanism. In addition, the variation of
adhesion energy depending on the kind of dopant originates
from hybridization between the electronic states of the interface
dopants (DTM) and interface oxygen (Oi), that is, TM−ligand
interaction, which can be described by traditional LFT, despite
the complexity, such as the symmetry of ligand field and the
charge state of TM, compared to simple organometallic
systems.

■ CONCLUSIONS
The influence of a comprehensive series of 3d TM dopants on
the chemical reactivity of ultrathin MgO thin film grown on a
doped Ag substrate was investigated using periodic DFT
calculations. Our study reveals that TM dopants can be
effectively stabilized by an oxide film, which suggests not only
that the deposition of ultrathin oxide film is a promising way to

enhance the concentration of dopants at the interface by the
drawing ef fect of oxide film but also that the concentration of
dopants at the oxide−metal interface depending on the kind of
dopant is quite predictable using the relative oxygen affinity of
TM dopants. The chemical reactivity of ultrathin MgO films
supported by a Ag(100) substrate can be enhanced by

Figure 7. Ligand field effect on the chemical reactivity of ultrathin
oxide film. The correlation of the chemical reactivity of 3d TM (DTM)
doped MgO/Ag(100) (int-Mdop, M = Sc ∼ Zn) with (a) the order of d
state splitting (εd) and with (b) the adhesion energy. The εd and
adhesion energy are evaluated with respect to the geometric and
electronic structures before molecular adsorption (S). The R2 values of
simple linear regression analysis are presented at each corresponding
graph.
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introducing interface dopants in a controlled manner. The
double-humped pattern in chemical reactivity of ultrathin oxide
film depending on the dopant can be explained by the variation
in adhesion energy, which reflects the amount of local
hybridization between the electronic states of the TM dopant
and oxide film, that is, ligand field effect, at the interface. The
amount of d state splitting of the TM dopant caused by the
ligand field formed by the oxide film fully correlates to the
pattern of chemical reactivity change. Therefore, our results
provide strong impetus for introducing and characterizing
interface irregularity from the atomic-scale insights accumulated
thereby. Such challenges could result in a significant ripple
effect on the development not only of heterogeneous catalyst
but also of novel potential materials, in which the interface
plays a pivotal role in determining the function of materials,
such as the electronic and magnetic conductivity of complex
oxide materials41 and the tunneling barrier of magnetic
tunneling junction systems.42

■ COMPUTATION DETAILS

Spin-polarized periodic density functional calculations were
performed using the Vienna ab initio Simulation Package
(VASP) code43,44 with the Perdew−Wang exchange-correlation
functional (PW91).45,46 Core electrons were replaced by
projector-augmented wave (PAW) pseudopotentials,47 ex-
panded in a basis set of plane waves up to a cutoff energy of
400 eV. To focus on the isolated single molecule without
intermolecular interaction among neighboring adsorbates on
the surfaces, we used (2√2 × 2√2)R45° surface supercells
corresponding to 1/8 ML H2O molecules on the 2-ML MgO/
Ag(100) surface with or without an impurity dopant, 3d TM
atom (Sc ∼ Zn), on a Ag substrate. The calculated lattice
constants are 4.15 and 4.20 Å for Ag and MgO respectively,
which agrees with other theoretical and experimental values to
within ∼2%.48 The slab models consist of two layers of MgO
and four layers of Ag. The periodically replicated slabs were
separated by a vacuum region of ∼15 Å. During ionic
relaxations, the two bottom Ag layers were fixed in their bulk
positions. Ionic relaxations were performed until atomic forces
were less than 0.01 eV/Å. 2 × 2 × 1 and 6 × 6 × 1 Γ-centered
grids were used for the k-point sampling of the Brillouin zone
for ionic relaxation and various analyses such as Bader
population49 and electronic density of states (DOS),
respectively. The transition states for water dissociation were
obtained using the climbing image nudged elastic band (CI-
NEB) method50 and confirmed by vibrational frequency
calculations. Dipole correction was applied in order to avoid
interactions between periodic slab images. All calculations were
performed without any symmetry restrictions.
To quantitatively analyze the correlation between the

interface electronic structure and adhesion energy, or further
chemical reactivity of doped MgO/Ag(100), we employed the
effective center of occupied 2pz(Oi) states (εd) as an indicator
of the splitting order of 3dz2(DTM) states by local hybridization
at the interface within the d band model for understanding
adsorption behaviors on the surface.51,52 The εd values are
evaluated by

∫
∫

ε
ε ε ε

ε ε
=

N

N

( ) d

( )dd
2p
O

2p
O

z

z

i

i

where N2pz
Oi (ε) is the PDOS of 2pz(Oi) states at the energy, ε,

with respect to EF.
In particular, the results for 3d TM, from Ti to Co, obtained

from GGA calculations were ascertained again by semiempirical
correction of on-site Coulomb interaction based on the
Hubbard model,53 which can improve the description of
systems with strongly correlated d or f electrons. In this study,
we employed the DFT+U approach suggested by S. L. Dudarev
et al.54 implemented in VASP. In this method, the on-site
Coulomb interaction is simplified by the effective Hubbard U
parameter, Ueff = U̅−J,̅ where U̅ and J ̅ are spherically averaged
matrix elements of the screened Coulomb electron−electron
interaction. The Ueff values and the computational results
obtained by DFT+U methods are in Table S3 of the
Supporting Information. The deviation in magnetic moments
and atomic charges of impurity dopants obtained by DFT+U
methods becomes larger as the number of unpaired 3d
electrons increases (Figure S1 of the Supporting Information).
However, the differences in the reaction energies coming from
the correction by applying the Hubbard U parameter are not
large, and thus the maximum deviation in the reaction energies
is below 0.1 eV (Table S2 and Figure S6 of the Supporting
Information). The minimum and maximum positions along the
3d TM series are, in particular, maintained in DFT+U
calculation results. Therefore, our approach using DFT based
on the GGA method is reasonable for examining relative
change during chemical reactions on ultrathin oxide films
grown on a TM-doped metal substrate.
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