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We have recently intensively studied the dissociation of individual water molecules on ultrathin MgO film grown on
Ag(100) substrate at the single-molecule level, by means of both scanning tunneling microscopy experiment and density
functional theory calculations. We have found clear evidence for that the chemical reactivity of ultrathin MgO film can
be controlled by the film thickness, in which the interfacial interaction between oxide and metal substrate plays an
important role in determining chemical reactivity. In this short review, we briefly discuss the role of the ultrathin
insulating film in water dissociation induced by vibrationally excited state using inelastic tunneling electrons, which is
crucial to selectively achieve two kinds of dissociation path, as well as underlying thickness dependence of chemical
reactivity.
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1. Introduction

Molecule

Ultrathin oxide films grown on metal substrate have Metal cluster ___ A

attracted a great deal of attention not only as (or atom) < :g 1) Charge

supporting materials for chemically active species but Transfer
also as catalysts itself."? In particular, significant Q [ K giﬁffsmon
efforts have been devoted to achieve high controllabil- (L)’)'(tlzae”}:lr;n }»—» 3) Film

ity using ultrathin oxide films because they provide PAPAi, & e § At - . ;T::;‘Ceess
noble dimensionality, i.e., film thickness, as a Adhesion
controllable parameter compared to their bulk
counterparts. Fig. 1 presents the suggested approaches
to control the surface reactivity of ultrathin oxide
films : (1) the charge redistribution between oxide-

Fig. 1. Schematic diagram for the approaches to control the
surface reactivity of ultrathin oxide film supported by a metal
E-mail : ykim@riken.jp substrate. Adapted with permission from Ref. 8). Copyright
E-mail : maki@t-u.tokyo.ac.jp 2012 American Chemical Society.
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metal interface and adsorbates related to both work-
function reduction due to oxide film and high electron
affinity (EA) of adsorbates ; >~¥( 2 ) the enhancement
of adhesion strength with polaronic distortion at the
oxide-metal interface ; ™ (3) the film thickness
closely associated with both the charging of adsor-
bates and interface adhesion ; “*” (4 ) the change in
oxygen composition of polar oxide film relying on the
ambient oxygen concentration.'”

Recently, we have intensively studied the dissocia-
tion of individual H,O molecules on ultrathin MgO
film grown on Ag(100) substrate at the single-
molecule level, by means of both scanning tunneling
microscopy (STM) experiment and density functional
theory (DFT) calculations.®™ Water dissociation is
an issue not only of importance due to an elementary
process for hydrogen generation'” but also of
fundamental scientific interest.'”” We successfully
demonstrated that the two different dissociation
pathways of individual H.O molecules (H.O—0*"
+2H" or OH™ +H") on MgO/Ag (100) can be
selectively chosen by controlling tunneling bias
voltage, which is closely related to the electronic
decoupling of adsorbate from underneath metal
substrate due to the insulating nature of oxide film.”
In addition, we found undoubted evidence for that the
chemical reactivity of ultrathin MgO film can be
tuned by the film thickness. We disclosed that the
change in adhesion strength accompanied with the
interfacial electronic structure is crucial for resolving
the dependence of chemical reactivity on the film
thickness, which is not influenced by the charge
redistribution between oxide-metal interface and
adsorbates because of the low EA of adsorbates® (see
(2) and (3) in Fig. 1). Based on our interpretation,
we have recently proposed that introducing the local
imperfections, such as an oxygen vacancy, and an
oxygen or magnesium impurity, at the oxide-metal
interface can be utilized in controlling the chemical
reactivity of the ultrathin oxide film.” Our further
extended study on interface engineering using 3d
transition metal (TM) dopants (D= Sc~Zn) for
water dissociation on two-monolayer (ML) MgO film
supported by Ag(100) substrate suggested that the
chemical reactivity of an ultrathin oxide film grown
on metal substrate can be systematically tailored and
can also be explained ligand field effect, i.e., the
interaction between the dopant and the oxide layer, at
the interface.”

In this short review, we briefly discuss the role of
the ultrathin insulating film in water dissociation
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Fig. 2. (color online). STM image of H.O molecules on (a) a
3-ML MgO/Ag(100) (V=100 mV, I,= 0.3 nA, Scale bar
(8) =5nm) and (b) a 2-ML MgO (V=100 mV, I,=0.3 nA,
S=1nm). (c) STM image of a H,O molecule on 3-ML-thick
MgO (top and bottom region: V=3 mV and /,= 1.0 nA,
middle region : V,=50 mV and /,=0.15 nA, and S= 0.5 nm).
The dots in (b) and (c) represent the location of the Ag atoms
underneath MgO film. (d) Top (left) and side (right) views of
the optimized structure of isolated H.O molecule adsorbed on
a 2-ML MgO/Ag(100). Reprinted with permission from Ref
9). Copyright 2010 Macmillan Publishers.

induced by vibrationally excited state using inelastic
tunneling electrons, which is crucial to selectively
achieve two kinds of dissociation path, as well as
underlying dependence of chemical reactivity on film
thickness.

2. State-Selective Dissociation of a Single
Water Molecule on an Ultrathin MgO
Film

We performed the study on water molecules on
ultrathin MgO films grown on a Ag(100) substrate
using STM at low temperatures.” Fig. 2 a shows an
STM image of isolated H,O molecules on an MgO
island. We can obtain stable STM images of H.O
molecules only at a relatively low bias (<200 mV)
inside the MgO band gap using STM, otherwise H,O
molecules diffuse away on the film surface even at 4.7
K. Atomically resolved STM images acquired at a low
bias show the positions of silver atoms beneath the
film due to negligible density of states (DOS) of MgO
film, in which the corresponding positions are either
anion (O”7) or cation (Mg”") sites of MgO, depending
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Fig. 3.
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(color online). STM images of H,O molecules (a) before and (b) after applying bias voltage of 460 nm with tunneling

currents of 3 and 5 nA onto I and II, respectively, on 2-ML MgO/Ag(100) (V=50 mV, I,=0.3 nA, S=1 nm). (¢) STM image
of H>O molecules and dissociation products (V=50 mV, /,=0.3 nA, S=1 nm). Grid points correspond to the positions of
Mg** ions. (d) The dissociation probability of isolated water molecules, which is derived from the ratio of the number of
dissociated H.O molecules to the total trial numbers (~20) at each bias voltage (/.= 5 nA, pulse duration =400 ps). STM
images (e) before and (f) after dissociating H.O molecules (V,=100 mV, /,=0.3 nA, S=1 nm). A sample bias of 1.5V was
applied at the red mark in (e). (g) STM image of water (protrusions) and oxygen (depression) on 2-ML MgO/Ag(100) (V,=
100 mV, I;=0.5 nA, S=1 nm). The yellow and red circles indicate the adsorption sites of oxygen and water, respectively. The
red lines are iso-profile contours of every 10 pm. (h) Charge density distribution for the LUMO of H,O molecule on MgO film.
Reprinted with permission from Ref 9). Copyright 2010 Macmillan Publishers.

on the film thickness.'” Fig. 2 b shows a STM image
of isolated H,O molecules adsorbed on MgO films of
2-ML thickness. They adsorb at ontop sites of the
Ag(100) surface underneath the 2-ML MgO film,
which are corresponding to Mg*"* sites of the (100)
facet of MgO film. On the 3-ML MgO film, H,O
molecules adsorb at the hollow sites of Ag(100)
surface, which are also corresponding to the position
of Mg>* on the MgO(100) surface (Fig. 2 ¢). Our DFT
calculations resulted in the optimized adsorption
structure of an isolated H,O molecule as shown in Fig.
2 d. The oxygen atom and one hydrogen atom of the
H>O molecule interact with an Mg>* cation and its
neighboring O°~ anion, respectively.

To induce the chemical reaction via inelastic
electron tunneling (IET) process,"'” we applied a
bias voltage of 460 mV to two H>O molecules I and
II, respectively, on 2-ML MgO/Ag(100) (Fig. 3 a).
As a result, H.O molecule I desorbed from the MgO
film, whereas molecule II dissociated into the product
I' (Fig. 3 b). The adsorption position of dissociated
products is always the bridge site of (100) facet of

MgO film (Fig. 3 ¢), which were identified to be
hydroxyl species, i.e., HHO—OH~ +H", by DFT
calculations. Similar to hydroxyl species, oxygen ad-
atoms can also adsorb at the bridge sites on (100) facet
of MgO film. However, they appear as depressions in
the STM image obtained from the dissociation of O,
molecules. The measured dissociation probability as a
function of sample bias shown in Fig. 3 d reveals that
the asymmetric OH stretching mode (Voun) is closely
associated with the dissociation of water. In addition,
it should be noted that we could not induce the
dissociation of water molecule via vibrational
excitation on 3-ML MgO/Ag(100) unlike 2-ML film,
of which the thickness dependence will be discussed
in next section.

We can also dissociate H>O molecules by applying
a bias voltage corresponding to the lowest unoccupied
molecular orbital (LUMO) energy of adsorbate on
MgO/Ag(100), which was evaluated to be 1.55 eV
from DFT calculation. Applying a bias voltage of 1.5
V to the water molecules on 2-ML MgO/Ag(100)
(Fig. 3 e) dissociated them into products (Fig. 3 f).



Appearance of the dissociated products, i.e., depres-
sion, is different from those of the hydroxyl, i.e.,
protrusion, which we observed in Fig.3b. We
assigned these species to oxygen, because the
adsorption positions of the products are the bridge
sites of (100) facet of MgO film (Fig.3 g), as
confirmed by DFT calculations and by the STM
measurement for the dissociation products of oxygen
molecules on the MgO film. The charge density for
the LUMO of H.O molecule, obtained by DFT
calculation, shows the anti-bonding character of OH
bonds (Fig.3 h), which is consistent with entire
fragmentation, i.e., H,O—0>" +2H", of H.O mole-
cule.

Therefore, our results provide two different
strategies for dissociating a water molecule, in which
either the vibrational states or the electronic states of
the molecule was utilized as a dissociation channel,
depending on the applied bias voltage. Furthermore,
the different dissociation products were obtained
according to the reaction pathways as shown below.

Path(1): H,O—>OH +H" (von, 0.46 V)
Path( 2): H,O—0*" +2H" (LUMO, 1.5V)

Whereas the dissociation of water via excitation of
electronic states has also been demonstrated on
various metal surfaces,'®'” the water dissociation via
vibrational excitation has not been achieved thus far
on a metal surface. The calculated dissociation barrier
of water on the MgO film (770 meV) is smaller than
the LUMO energy of 1.55 eV but is quite larger than
the observed threshold energy of 448 meV corre-
sponding to (Vou) as shown in Fig. 3 d. Therefore, in
order to overcome the dissociation barrier by the
excitation of the vou mode, the energy of at least two

Energy

Reaction coordinate

Fig. 4. Schematic energy diagram for vibrational multiple
excitation via IET process on ultrathin oxide film (solid
arrows). The quenching process due to short lifetime of
vibrationally excited state on metal substrate is indicated with
dashed arrow.
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electron processes is required. What is the driving
force for the dissociation of H>O molecules with
much lower energy on the MgO film? Due to the
electronic decoupling resulted from the insulating
effect of the MgO layer, the lifetime of an electron in
the molecular resonant state can be significantly
elongated compared to that on metal substrate.'
Thus, the IET process should be far more effective on
an insulating film than on metal substrates.”” As a
result, direct multiple excitation of the von mode is
allowed on an ultrathin MgO film grown on Ag(100)
substrate, which is not feasible on the metal substrate
(Fig. 4).

3. Controlling Water Dissociation on an
Ultrathin MgO Film by Tuning Film
Thickness

We performed periodic DFT calculations in order
to examine how chemical activity for water dissocia-
tion on an ultrathin MgO film supported by the
Ag(100) substrate.” As shown in Fig. 5, the reaction
mechanism for H,O dissociation on ultrathin MgO
film surface is in agreement with that on the
MgO(100) bulk surface” Fig. 5 a shows the energy
diagram for the dissociation of a H,O molecule on a
n-ML MgO/Ag(100) (n=1, 2 and 3) and on a bulk
MgO(100) at the single-molecule level, which clearly
indicates that the chemical activity of the ultrathin
MgO film strongly depends on the film thickness.
Whereas non-dissociative molecular adsorption ener-
gies, E (A), for the MgO films present a small
variation (<~0.03 eV) from that of bulk MgO
independent of film thickness, the dissociative
adsorption energy, E(D), is largely reduced as the film
thickness decreases. The H,O dissociation on the 1-
and 2-ML MgO film is much more amenable than that
on bulk MgO by 0.73 and 0.36 eV, respectively. The
barrier heights (E.) for the 1- and 2-ML MgO also
considerably decrease depending on the film thickness
compared to that of the bulk MgO. On the other hand,
the energy profile for the 3-ML MgO film shows no
significant difference from that for the bulk MgO.
These computational results clearly indicate that
chemical activity on ultrathin MgO films for H,O
dissociation can be tuned by film thickness as
observed in the STM experiment of previous
section.” According to the computational result, the
dissociation barrier for H,O dissociation on the 3-ML
MgO film is much higher than that on the 2-ML film,
and thus at least the triple excitation in the Yos mode is
required to overcome it, at the single-molecule level.
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Fig. 5. (color online). (a) The energy diagram for the disso-
ciation of a water single molecule on MgO(n-ML)/Ag(100)
(n=1, 2, and 3) and MgO(100) surfaces and the corresponding
atomic structures for n =2 (H, white ; O, red ; Mg, blue). The
energy for each step is evaluated relative to the clean surface,
i.e., E (H, O) +E (Substrate)= 0eV. (b) PDOS of the z
component of (b) O 2p and (c) Ag 4d states for MgO(n-ML)/
Ag(100) (n=1, 2, and 3) before water adsorption (S) and at a
dissociative adsorption step (D). PDOS are plotted for the
oxide-metal interface region (MgO 1 layer+ Ag 2 layers).
Adapted with permission from Ref. 6). Copyright 2010
American Physical Society.

Moreover, it is noteworthy that dissociation of single
H>0O molecule on the 1-ML MgO film is thermody-
namically exothermic regardless of either the exis-
tence of neighboring H>O molecules or the surface
defects, which are known to induce the dissociation of
H,O molecule on the MgO(100) bulk surface.?"* Not
only the exothermic dissociation energy but also the
relatively low E. for H,O dissociation on the 1-ML
MgO film reasonably support recent experimental
observations that defect-free terrace sites on an MgO
film can enhance overall chemical reactivity.’

(@)

()

Fig. 6. (color online). ELF maps for hydroxyl ion produced
by bonding between dissociated proton and surface oxygen
atom at a dissociative adsorption step (D) for (a) 1-, (b) 2-, and
(c) 3-ML MgO film. Color and contour grid for the probability
of finding the electron varies from O (blue) to 1 (red). Adapted
with permission from Ref. 6). Copyright 2010 American
Physical Society.

To clarify the thickness dependence of chemical
reactivity observed in H>O dissociation on ultrathin
MgO film supported by Ag(100), the DOS for the z-
component of O 2p and Ag 4d at the oxide-metal
interface were examined as shown in Fig. 5b and 5 c,
respectively. The DOS plots show that the electronic
states distribution for the 1-ML MgO film is
significantly different from those for the 2- and 3-ML
films. Due to no ionic interaction between magnesium
and oxygen along the z-axis at the 1-ML MgO film,
the oxygen of the 1-ML MgO layer more strongly
interacts with the Ag substrate compared to those of
thicker films.” The DOS feature at the interface is
maintained during non-dissociative molecular adsorp-
tion of the H,O molecule (not shown here). However,
after the dissociation on the 1- and 2-ML MgO films,
the DOS tails near Fermi level (Er) broaden as shown
in Fig.5b and 5c, which indicates the enhanced
interfacial interaction. Therefore, it can be suggested
that the order of electronic coupling at the oxide-
metal interface plays an important role in determining
the surface reactivity of ultrathin oxide film. This
result can also be explained by investigating the
electron localization function (ELF), which reveals
the electron density change during H.O dissociation.
The distinguishable polarization of the electron
density is observed at the oxide-metal interface of the
1- and 2-ML MgO/Ag(100) as shown in Fig. 6 a and
6 b, respectively. However, no distinct feature is
found in the 3-ML MgO film (Fig. 6 c¢). Although the



electronic coupling, i. e., hybridization of electronic
states, between the MgO film and the Ag substrate is
much weaker relative to the strong ionic bonding
within the MgO film, electron density polarization
observed in the 1- and 2-ML MgO films leads to a
significant strengthening of adhesion at the interface.
Therefore, the stability of dissociative adsorption state
for the thinner MgO film can be enhanced due to the
oxide-metal interaction at the interface.

4. Conclusion

We briefly reviewed our recent studies which
clearly demonstrated that the dissociation paths of
individual water molecules, i.e., HLO—0>*" +2H"
and OH™ +H", on MgO/Ag(100) can be selectively
achieved by varying the energy of tunneling electrons
to induce electronic and vibrational excitation,
respectively. Successful achievement of state-
selective dissociation of water molecules on ultrathin
oxide film is closely related to the electronic
decoupling of adsorbate from underneath metal
substrate due to the insulating nature of oxide film. In
addition, we revealed that the chemical activity of a
metal-supported ultrathin oxide film can be controlled
by film thickness, which is accounted for by stronger
interfacial adhesion at the thinner oxide film. We
believe that our findings provide not only deeper
insight into the dynamics of water molecules on
insulating films but also impetus for investigating thin
oxide films for a wider range of applications.
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