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Photoinduced Dissociation of Water and Transport of Hydrogen between Silver Clusters
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Theoretical electronic structure calculations are reported for the dissociation of water adsorbed on a 31-atom
silver cluster, Ags;, and subsequent transfer of a H to a second Ags; cluster leaving OH on the first cluster.
Both ground and excited electronic state processes are considered for two choices of Ag cluster separation,
6.35 and 7.94 A, on the basis of preliminary calculations for a range of separation distances. The excited
electronic state of interest is formed by photoemission of an electron from one Ag cluster and transient
attachment of the photoemitted electron to the adsorbed water molecule. A very large energy barrier is found
for the ground-state process (3.53 eV at a cluster separation of 6.35 A), while the barrier in the excited state
is small (0.38 eV at a cluster separation of 6.35 A). In the excited state, partial occupancy of an OH antibonding
orbital facilitates OH stretch and concomitant movement of the negatively charged OH toward the electron—hole
in the metal cluster. The excited-state pathway for dissociation of water and transfer of H begins with the
formation of an excited electronic state at 3.59—3.82 eV. Stretch of the OH bond occurs with little change
in energy (0.38—0.54 eV up to a stretch of 1.96 A). In this region of OH stretch the molecule must return to
the ground-state potential energy surface to fully dissociate and to transfer H to the other Ag cluster. Geometry
optimizations are carried out using a simplex algorithm and a semigrid method. These methods allow the

total energy to be calculated directly using configuration interaction theory.

1. Introduction

The production of hydrogen from water is being pursued on
many fronts with the ultimate goal of producing a versatile and
nearly unlimited fuel. Among these investigations are hetero-
genic processes on catalytic surfaces, homogeneous reactions
involving transition metal complexes, and the design of biologi-
cally inspired catalytic systems. Since the overall reaction H,O
— 1,0, + Hy is endothermic, an energy source is required,
and, for this purpose, sunlight would be very attractive if
reasonable efficiencies could be attained.

In heterogeneous reactions involving the dissociation of gas-
phase water on catalytically active transition metal surfaces, one
can envision stepwise processes that successively remove
hydrogen from water and transport the adsorbed H to other
surface regions that favor H—H recombination rather than
recombination to produce OH or H,O. Success in harnessing
these, yet to be discovered, steps will require a detailed
understanding of the kinetics and energies of nonequilibrium
processes.

In this study, we explore theoretically a well-defined photo-
induced process in which a single hydrogen is dissociated from
a water molecule adsorbed on a small Ag cluster (31 atoms)
and transported through space to a nearby 31-atom Ag cluster.
To assess the feasibility of the process, we need to know
accurate values for critical geometries and energy barriers for
both ground and electronically excited processes. This requires
calculations using a high-level many-electron theory in which
electron correlation is properly included in both ground and
excited electronic states. For this purpose, we use the full many-
electron Hamiltonian for the electronic structure problem,
introduce core—electron pseudopotentials for silver, and con-
struct wave functions by configuration interaction, i.e., a many-
electron ab initio approach as opposed to density functional
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Figure 1. Top view of the fcc site studied for H,O adsorption/
dissociation on the Ag(111) surface of the Ag-31 cluster. Radii of the
silver atoms are shown at reduced size for clarity of visualization.

theory (DFT). Since the cross-section for photon absorption is
larger for the metal cluster than for the adsorbed water molecule,
we consider the process to be equivalent to an electron
attachment reaction in which a photoemitted electron of silver
transiently attaches to an adsorbed water molecule. The
electronic state that results can be viewed as an electron-transfer
excited state of the HO—metal cluster system. This photoin-
duced excited state can evolve on the excited-state potential
energy surface or return at some point to the ground-state surface
and undergo further reaction because of excess vibrational
energy. Energy barriers will determine whether a viable process
exists in which H can be released and transported to the other
surface.

2. Cluster System and H-Transfer

A cluster of 31 Ag atoms in a fcc structure is chosen to
represent one of the nanoparticles; there are seven Ag atoms in
the (111) first layer and 12 Ag atoms in both the second and
third layers. A schematic representation of the geometry of a
H,0 molecule adsorbed at a fcc (hollow) adsorption site on the
first layer of the cluster is depicted in Figure 1. The Ag—Ag
distance is set at the experimental bulk value, 5.46 au (2.89 A).
The three Ag atoms in the first layer (labeled 1—3 in Figure 1)
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Figure 2. Dissociation of water and transfer of hydrogen between silver
clusters. Schematic side view of the initial (a) and final (b) geometries
of the two-cluster system. See also Figure 1.

which directly bond to H,O are described by a 28-electron—core
potential with 4s, 4p, 4d, and 5s electrons outside the core. The
latter, valence electrons are described by 4s, 4p, 4d’, 4d", 5s',
5s", and 5p basis functions. All other silver atoms have a 46-
electron—core and 5s', 5s" basis functions. The hydrogen atoms
are described by 1s', 1s", and p functions, and oxygen has five
s-type functions and two p-type functions plus a set of
d-polarization functions. The basis is large enough to ensure
near Hartree—Fock quality atomic solutions. The additional basis
functions allow orbitals to polarize in a molecular environment
and permit correlation excitations to the next atomic shell.

A second Ag cluster, identical to the first cluster, is positioned
in mirror symmetry at a set distance of either 12 (6.35 A) or 15
au (7.94 A). These two choices of the cluster separation distance
were based on preliminary calculations carried out for separa-
tions ranging from 9 (4.76 A) to 15 au (7.94 A). The
calculations, even though the geometries were not fully opti-
mized, show a decreasing ground-state barrier to H-transfer
when the cluster separation distance is decreased. At the closest
separation distance considered, the H in a slightly stretched OH
bond can directly interact with the other cluster. At the
separation distance of 15 au, the ground-state barrier to
H-transfer is almost identical to the barrier of H-transport away
from the water molecule into the space in a single-Ag-cluster
system, which indicates that there is little interaction between
the second Ag cluster and the dissociated water molecule at
this separation distance. The two-cluster system is depicted in
Figure 2. The initial geometry with H>O adsorbed on the left
Ag cluster is shown in Figure 2a, and the final geometry after
a H-transfer to the right Ag cluster is shown in Figure 2b. The
objective of the present work is to consider photoinduced
dissociation of water that leaves OH on the left cluster and
allows H-transport to the right cluster. At each step in the
transfer of H toward the other cluster, both ground and
electronically excited states are calculated in order to determine
the energy barrier for each potential energy surface.

3. Theory and Method

The water—silver cluster system is described in the present
work by an embedded cluster method that is designed to give
an accurate many-electron description of the adsorbate—surface
region. Many applications of the method to ground and excited
states of adsorbates on metals have been reported previously,
and details of the method can be found in refs 1-3. There are
two distinct components of the embedded cluster method
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described in the references cited above, boundary conditions
on the cluster itself that appropriately couple the cluster to a
larger bulk system and the localization transformation that
defines the electronic subspace treated by configuration interac-
tion. In the present work, since we are interested in small, 31-
atom, silver clusters, no cluster boundary conditions are
employed, and the terminology “embedding” refers only to the
creation of a subspace that is treated by configuration interaction.
A brief summary of the main elements of the approach is given
below.

Calculations are carried out for the full electrostatic Hamil-
tonian of the system (except for core—electron potentials), and
wave functions are constructed by self-consistent-field (SCF)
and multireference configuration interaction (CI) expansions,*©

Y= ¢ det(r,s 1o )
k

The Hamiltonian, including atomic core potentials, V¢, is of
the form

H= i(——m +Z

where
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and p, y, and Q,, denote atomic densities, exchange functions
and core atomic orbitals, respectively. This type of effective
core potential and basis construction, discussed in ref 5,
maintains rigorous orthogonality of valence and core basis
functions on the same nucleus.

Initial variational energy minimization calculations are carried
out at the single-determinant, SCF level. The occupied and
unoccupied SCF orbitals are then localized separately to
maximize their interaction with the adsorbate and the metal
atoms of the adsorption sites. Highly localized orbitals are used
to define the CI active space. Finally, the CI wave function, v,
is generated from the dominant SCF configuration, 1o, plus other
important configurations by single and double excitations:

1/)=1/)o+zck1/}k
3

The initial representation of the excited state is obtained from
the following sequence of calculations: (a) SCF calculation of
the ionized system H,O/Ag(111)7; (b) localization of the virtual
SCF orbitals about H>O and surface Ag atoms (using exchange
maximization), removal of transformed virtual orbitals that do
not contain appreciable H,O character; and (c) SCF calculation
of the electron-attached excited state corresponding to electron
excitation from Ag(111) to H,O. The resulting representation
of the state is defined as .

All configurations, ), are retained if an interaction threshold

|G, Hiyp, D2/ (E, — Ep)>2 % 10—7 au

is satisfied. Contributions of excluded configurations are esti-
mated using second-order perturbation theory.

4. Results and Discussion

4.1. H and OH Adsorption. We first examine the adsorption
properties of H (Figure 2b right cluster) and OH (Figure 2b
left cluster) separately; both adsorbates are at fcc hollow sites
on the Ag(111) face. The calculated equilibrium adsorption
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Figure 3. Adsorption energy versus tilt angle of OH at a fcc hollow
site on the (111) face of the Ags; cluster. The tilt angle is defined as
the angle between the OH axis and the surface normal. The O to Ag
surface distance and OH distance are 3.1 au (1.64/7\) and 1.84 au
(0.97A), respectively.

energy and H to Ag surface distance are 2.02 eV and 2.2 au
(1.16 A), respectively. For OH, the adsorption energy and O to
Ag surface distance are found to be 2.51 eV and 3.1 au (1.64
A); the O—H bond length is optimized at 1.84 au (0.97 A).
The adsorption energy for OH at different angular orientations
in a plane perpendicular to Ag surface (the yz plane in Figure
2) is shown in Figure 3.

The optimum tilt angle between the OH axis and the surface
normal is found to be 0°; however, the potential curve is very
flat near the energy minimum. There is only a small decrement
(=0.08 eV) in adsorption energy from 0 to +30°, compared to
a 1.20 eV decrement from 0 to 90°.

4.2. HO Adsorption. The equilibrium geometry of H,O
adsorbed on the Ag(111) face is optimized by using an
optimization program based on the Nelder—Mead simplex
method.”® This is an effective minimization method since the
potential energy surface is determined directly at the CI level.
Six variables are chosen in the minimization: the O—Ag surface
distance, the OH bond length, and four angles (two angles for
each OH in spherical coordinates). Three high-symmetry
adsorption sites of the surface, atop, bridge and fcc hollow are
considered, and the energy minimum has been found for each
site. The optimized geometries corresponding to the energy
minima are depicted in Figure 4. In Table 1 we tabulate the
adsorption energies and the geometrical parameters of H,O.

We find the fcc hollow site configuration is the global energy
minimum, and the calculated adsorption energy of 0.24 eV is
indicative of a rather weak interaction between water and silver.
The H,O molecular plane is perpendicular to the (111) surface
with the two OH axes forming angles of 22.5 and 82.5° with
respect to the surface normal (as shown in Figure 4). The
adsorption energies for the atop and bridge sites are 0.14 and
0.19 eV, which are slightly less than at the fcc hollow site, and
the H,O molecular plane is more nearly parallel to the Ag
surface, especially at the bridge site. In all three cases, as shown
in Table 1, the optimized OH bond length d(OH) and bond angle
UJ(HOH) are found to be close to the experimental gas-phase
molecular geometry of 0.964 A and 103.8°. The perpendicular
orientation of the H,O molecular plane relative to the Ag surface
differs from the optimum geometry found in a high-quality
periodic DFT calculation of water on Ag(111), where the
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Figure 4. Optimized geometry of H,O adsorption at atop, bridge, and
fcc hollow adsorption sites on the (111) face of Ags;. Only the top
layer of Ag atoms is shown. The H, O, and Ag atoms are depicted as
in Figure 1. Two H atoms at the fcc hollow site have been labeled as
a and b. Parameters a and 3 are defined as the angles between O—Ha,
O—Hb axes and the surface normal z-axis, respectively.

TABLE 1: Adsorption Energy and Structural Parameters of
H,O Adsorbed at Different Sites on the (111) Face of a Ags;
Cluster. Results are from CI calculations®

Eas 0 O(OH)  d(OH) d(0—Ag
site (eV) (deg) (deg) (au) surface) (au)
atop 014 124 102 1.86 (0.98 A)  6.56 (3.47 A)
bridge 0.19 85 100 1.85(0.98A) 5.70(3.02A)
fec hollow  0.24 0 105 1.84(0.97 A)  5.54(2.93 A)

@ Tabulated are the adsorption energy,E.s; the tilt angle of the
H,0O molecular plane with respect to the Ag surface normal, 6; the
bond angle, O(HOH); the OH bond length, d(OH); and the distance
between the O and Ag surfaces, d(O—Ag surface).

molecular plane for water at an fcc hollow site was found to be
tilted 104° with respect to the surface normal.” Since water is
very weakly adsorbed on the Ag surface and the change of
adsorption energy in the DFT calculation is only 0.09 eV in
going from perpendicular to a 104° tilt, the difference could be
attributable to differences in theoretical method. In view of the
small change in total energy in both calculations, we agree with
one of the main conclusions of the earlier work that the
orientation of coadsorbed water molecules would be determined
by dipolar interactions and the opportunity of lone pair oxygen
orbitals to hydrogen bond with a neighboring water molecule.
At higher coverage, both of these effects should favor a structure
with the H,O plane more nearly parallel to the surface.

4.3. Dissociation of HO and Transfer of H. The task of
finding the energy barrier for transfer of H, dissociated from
water adsorbed on one silver cluster, through space to the other
cluster could, in principle, require extensive geometry optimiza-
tion. We note, however, that at the global minimum for water
on silver (see Figure 4 fcc hollow site) one of the OH bonds
(O—Ha) forms an angle of 22.5° with respect to the surface
normal, and this angle is already close to the optimum
orientation of OH adsorbed at the same site. As shown in Figure
3, the adsorption energy change is less than 0.08 eV on changing
the angle from O to +30°. These facts suggest that a rather coarse
grid of points will reveal the main features of the potential
energy surface. In Figure 5, we show the schematics of such a
grid calculation in which the O—Ha bond length and orientation
are fixed at their initial values in water and Hb is moved in
steps toward the other silver cluster. Following these calcula-
tions, the simplex method is used to refine the optimum
geometrical parameters of the transition state.

The process described in Figure 5a begins with water
adsorbed on one Ag cluster at a geometry corresponding to the
global energy minimum for water on silver. In the initial grid
calculation, the O—Ha bond length and angle are fixed at 1.84
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Figure 5. Dissociation of water and H-transfer between silver clusters.
Grid calculations start at initial configuration (a) and proceed to a final
configuration (b). The representation of H, O, and Ag atoms is the
same as in Figure 1.

au (0.97A) and 22.5° to the surface normal, respectively. The
O to Ag surface distance (O—Ag surface) and the O to Hb
distance (d(O—Hb)), are chosen as independent variables, and
hydrogen, Hb, is moved to the right cluster along the z direction.
The opposite process is described in Figure 5b. The initial
configuration is that of dissociated OH + H where OHa and
Hb are at fcc hollow sites on different Ags; clusters, as shown
in Figure 2b. The variables are the same as in Figure 5a, but
Hb is now moved in the —z direction to reform a water molecule
adsorbed on the left cluster. In these calculations, the x and y
coordinates which have a negligible effect on the energy are
unchanged during the transfer of hydrogen. Although seemingly
redundant, proceeding in the forward and reverse directions is
helpful to identify electronic states of different symmetry or
charge distribution. Calculations are carried out for two different
choices of Ag cluster separation: 15.0 (7.94 A) and 12.0 au
(6.35 A) measured from the surface plane of nuclei in each
cluster. The calculated ground-state energy versus d(O—Ag
surface) and d(O—Hb) parameters is shown in Figure 6; solid
and hollow symbols are used to represent curves obtained from
the initial, H,O, starting point and from the OH + H end point,
respectively.

We first note when the Ag cluster separation is at 15.0 au, as
shown in Figure 6a, solid symbol curves, there is a very large
increase in ground-state energy, ~3.6 eV, when d(O—Hb)
increases from 1.84 to 3.0 au. However, the energy changes
only slightly for O to Ag surface distances in the range of
d(O—Ag surface) = 5.5—4.0 au. When d(O—Hb) is increased
further into the 3.0—5.0 au range, a much larger variation in
energy with the O—Ag surface distance is found, and the lowest
energy is for d(O—Ag surface) = 3.1 au. The energy barrier is
3.89 eV at d(O—Hb) = 3.7 au. These facts indicate that, in the
early stages of dissociation, Hb is still tightly bound to O and
Ha—O—Hb can be treated like a distorted water molecule; the
small variation in ground-state energies for different d(O—Ag
surface) in this region is due to weak interaction between water
and the Ag surface. After the O—Hb bond is nearly broken, the
system moves to a lower total energy by dragging O—Ha toward
the Ag surface and forming a strong surface—OH bond. The
final geometry, where the O to Ag surface distance is 3.1 au, is
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the same as for an OH adsorbate at the fcc hollow site on
Ag(111), as discussed in section 4.1. Once the barrier is
overcome, the total energy steadily decreases to the final
configuration route, as shown by the hollow symbol curves.

Comparing the forward and reverse processes, it is found that
the OH + H — H,O reverse route (hollow squares) is about 1
eV lower in energy at d(O—Hb) = 5.0 au than that given by
the forward process (solid squares). This is a surprisingly large
difference that is outside the range that could be attributed to
details of convergence. Further examination shows that the wave
functions at the two points have very different charge distribu-
tions and different symmetries for one of the higher occupied
orbitals of the Ag clusters; thus, the points correspond essentially
to two different states. The state produced in the forward process
maintains a neutral Agz; cluster on the right. In contrast, the
reverse process produces a state in which the right cluster is
=+0.5lel positive. In this configuration (Figure 5b), Hb attracts
electron density from the right Ag cluster. At the stretched
distance, Ha—O—Hb has a net charge of —llel for both
processes. Interestingly, these observations mean that as the
H-transfer takes place, the H can serve as a bridge that allows
electron transfer between the clusters.

Results for the smaller separation distance between Ag clusters,
12.0 au, show similar behavior. The ground-state total energy
curves for forward and reverse processes are shown in Figure 6b.
A lower energy barrier of 3.53 eV is found for the smaller
separation distance. The route with the lowest energy is at d(O—Ag
surface) = 5.5 au, which means that when the O—Hb bond is
broken, unlike in Figure 6a, the system will keep the O—Ha
between the two clusters instead of dragging it toward the left Ag
surface. That is, if the O—Hb bond is broken and the two Ag
clusters are close enough, the system will move to a lower energy
by either forming a bond between O—Ha and the left Ag cluster
or forming a bond between Hb and the right Ag cluster. The
competition between these possibilities leads to the different
properties shown by the energy curves in Figure 6a,b.

The optimum geometry of the transition state at d(O—Hb) =
3.7 au have been refined by using the simplex method in which
d(O—Ha), d(O—Ag surface), and the o angle between O—Ha
and the surface normal are chosen as the variables. Barriers with
slightly lower energy of 3.55 and 3.25 eV are found for both
Ag cluster separations at 15.0 au and 12.0 au, respectively. Since
the decrements of the energy barrier are only ~0.3 eV, which
are less than 9% of the barriers obtained by the grid of points
calculations, we conclude that the grid method has revealed the
main features of the potential energy surface.

Excited electronic states that involve a change in the electronic
structure in the water region of the system have been calculated
as a function of geometry. These states are often referred to
electron attachment states and can be viewed as a transient
attachment of a photoemitted electron to the water adsorbate.
The state formed initially in such a process has the same
geometry as water in its ground electronic state. There are many
other electronic states at lower energy corresponding to
metal—metal excitations, but these states have essentially no
effect on the dissociation of water. As described in the theory
section, these states are isolated from the states of interest.
Excited-state energies are presented in Figure 7 for the initial
dissociation of H,O and subsequent movement of H toward the
other cluster. The lowest energy pathway for the ground state
is shown as a dotted line for comparison. Excitation energies
to produce the electron attached excited states are calculated to
be 3.59 and 3.82 eV for Ag cluster separations of 15.0 au and
12.0 au, respectively. Once formed, it is possible to stretch the
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Figure 6. Ground-state energy for H,O dissociation and H-transfer. Forward (a) and reverse (b) processes are shown, and points are indicated by

solid and hollow symbols, respectively.

H-++OH bond with little change in total energy. This is due to
the nature of the electron attached state where excitation from
Ag can be thought of as transiently occupying the Hb—OH
antibonding o molecular orbital. The negatively charged water
is stabilized by the hole in the metal which localizes near the
water adsorption site. It follows that the interaction between O
and Hb is much weaker than in the ground state and a much
smaller change in energy occurs on the Hb—OH stretch. Figure
7 shows that it is possible to stretch the Hb—OH bond to a
distance of 3.7 au with an increase in excited-state energy of
only 0.54 eV (15 au cluster separation, Figure 7a) and 0.38 eV
(12 au cluster separation, Figure 7b). Further stretching of the
Hb—OH bond is accompanied by a large increase in energy
for both separation distances, as shown in Figure 7.

From these results, it is possible to identify a viable process
that would lead to water dissociation and transfer of H to the
second cluster. Beginning with water adsorbed on one silver
cluster, the key steps are as follows: (a) photoexcitation to create
the electron attached excited state; (b) stretch of one OH bond

of water on the excited-state potential energy surface to a
distance greater than that corresponding to the ground-state
barrier (1.96 A); (c) decay of the excited state back to the ground
state on the other side of the ground-state energy barrier; (d)
continued transfer of H, energetically downhill, to the second
cluster on the ground-state potential energy surface.

Although it is interesting that the photoinduced reaction
described above can occur at modest excitation energies, there
are other questions or limitations that will determine the practical
utility of the process. Among these are the relatively low cross-
sections for electron attachment and the lifetime in the excited
state required for sufficient H—OH stretch. To be a viable stage
in a process to extract H, and O,, removal of the H from
adsorbed OH is required followed by recombination of adsorbed
O atoms to produce O,.

5. Summary

Theoretical studies of H, OH, and H,O adsorption and
dissociation on a (111) surface of a three-layer Ags; cluster are
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Figure 7. Energy of excited electronic states during the dissociation of water adsorbed on a Ags; cluster and H-transfer to the second Ags; cluster.

The dotted line represents the ground-state pathway for comparison.

reported. Following these studies, energy barriers for the transfer
of a H from dissociated H>O on one Ag cluster through space
to a second nearby Ag cluster are calculated. Both ground and
photoinduced excited electronic states are calculated. Results
can be summarized as follows:

(a) H and OH adsorb at a fcc hollow site on the (111) surface
of the Ag cluster; calculated adsorption energies are 2.02 and
2.51 eV, respectively.

(b) H,O weakly adsorbs on the Ag(111) surface. At the fcc
hollow site, the O-surface equilibrium distance is 5.54 au (2.93
A) and the H,0 molecular plane is perpendicular to the Ag
surface. However, the energy change on tilting the molecular
plane to a geometry nearly parallel to the surface is small.

(c) In the ground state, the energy barrier for the transfer of
a H to the other cluster is very high for both cluster separations
that were considered, 3.89 and 3.53 eV at Ag cluster separations
of 15.0 and 12.0 au, respectively.

(d) In the photoinduced excited electronic state corresponding
to electron attachment to adsorbed water, the energy barriers

for the transfer of a H to the other cluster are only 0.54 and
0.38 eV at Ag cluster separations of 15.0 and 12.0 au,
respectively.
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