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Water adsorption on Pd {100} from first principles
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The adsorption of isolated H,O on Pd {100} has been investigated by density functional theory calculations.
We have presented a detailed picture for the adsorption of water monomer on various high-symmetry sites of
the surface. We have demonstrated that other d orbitals are responsible for the water adsorptions, in addition to
the well-recognized role of d2 orbital. Furthermore, Pd 5 s state was found to play an essential role in water
adsorptions including the favored on-top case. Our findings augment existing knowledge of the electronic

nature of water-metal interactions.
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I. INTRODUCTION

Water adsorption on metal surfaces is one of the funda-
mental topics in surface science and is considered relevant
for a better understanding of surface phenomena such as het-
erogeneous catalysis, corrosion of materials, and surface
electrochemistry. Among the considerable efforts,"? adsorp-
tion models of water have attracted widespread interests in
the scientific community.>* From a practical point of view, it
is critical to understand whether water adsorbs in the mo-
lecular state or dissociates, due essentially to roles of the
dissociation products (proton ions and hydroxyl ions) in
metal corrosion. For the catalytic surface reaction H,+0O,
— H,0 on palladium, water adsorption is a key factor that
further affects reaction kinetics>® in the same way as water
dissociation is in water splitting reactions.” An investigation
of H,O molecules on Pd, therefore, is not only vital to un-
derstanding H,O-Pd interactions and providing a prototype
model for understanding metal corrosion at the atomic level,
but it also enriches our knowledge of one-molecule chemis-
try at metal surfaces.

Characterizations of H,O adsorption on low-index sur-
faces of palladium have been performed by several groups
employing various surface analytical techniques. By using
electron energy loss spectroscopy®~!! (EELS) and vibrational
analysis,12 the water monomer has been found to adsorb on
atop site of Pd {100}, with the molecular plane significantly
tilted relative to the substrate at temperature of about 10 K.
The existence of monomeric water on Pd{110} (Ref. 13) has
been evidenced by techniques of high resolution electron en-
ergy loss spectroscopy (HREELS) and temperature pro-
gramed desorption (TPD). Brosseau et al.'*!> further pro-
vided detailed information concerning the geometry and
bonding of the adsorbed water on Pd {110} with the consid-
eration of coverage effect, supporting adsorption models
from water clusters to a bilayer structure. In addition,
HREELS measurements combined with TPD have demon-
strated that water adsorbs molecularly on Pd {110} at 100 K,
and that increasing the temperature to about 200 K gives rise
to H,O desorption from its adsorption site.!® The same be-
havior was found for bilayer water on Pd (111) when increas-
ing temperature.'”!® By means of work function and mass
resolved TPD, Heras et al.'® found that H,O adsorbs molecu-
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larly and binds to the surface through the O atom and that
H,O desorption involves molecule rebuilding at 7> 220 K.
The results of low-energy electron diffraction (LEED) have
shown that exposure of H,O to Pd {110} in the range of
100—172 K produces the c(2X2) pattern,®® and the c(1
X 1) structure was observed on heating to 213 K. Recent
scanning tunneling microscopy investigations by Mitsui e?
al.*! revealed that icelike puckered hexagonal units form by
successive addition of water monomer on Pd {111}, which is
further responsible for water overlayer growth on the
surface.??

Water-metal interactions have been studied theoretically
by several earlier ab initio studies aimed at providing definite
structures as well as energies for water adsorption.>* The
model of flat-lying configurations of on-top adsorption for
isolated H,O is well established, as well as the icelike bilayer
structure for H,O adsorption.”>?* As to the nature of the
bonding in these models, the following systems have been
reported: H,O/Ru {1000}, H,O/Pt {111}, H,0/Ag
{111}, H,0/Ni,?° and H,0/Cu {100}. Insight into the sur-
face bonding mechanisms which were previously treated as
lone-pair interactions®! has been provided, whereby the com-
mon feature can be considered as interactions of the molecu-
lar orbital b; of H,O with atomic d orbital of bonded metal
atoms, resulting in flat-lying configurations for water mono-
mers on the surfaces. Nonetheless, no previous effort focused
on offering partial density of states (PDOS) was made to
understand the precise nature of water adsorptions. H,O ad-
sorptions on Pd {100}, a simple and ideal model of this con-
sideration, have not been reported so far. Unlike the close
packed surface of Pd {111}, a detailed investigation on the
electronic nature of water adsorption on the more open sur-
face is indispensable to a complete understanding of water-
metal interactions. In this paper, a careful study on geometri-
cal and electronic structures of H,O adsorption on Pd {100}
is presented through the analysis of electron density differ-
ence and projected density of states. Different binding
mechanisms for the favored on-top adsorption as well as
metastable adsorptions have been presented. In addition to
the well-recognized role of d? orbital, we have shown that
some other d orbitals as well as Pd 5s state play indispens-
able roles in the adsorption.
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TABLE 1. Slab thickness (I), cell size (IT), k point (IIT), and cut effect (IV) on adsorption energy of water
monomer near atop site. (2X2) unit cell was used for the layer and k-point dependence.

1 II III v
E E E ecut E
Layer (eV) Cell (k point) (meV) k point (meV) (Ry) (meV)
5 -0.28 2X2 (5X5X%1) =271 3X3X1 =276 35 -0.271
-0.28 S5X5X1 =271 38 -0.271
9 -0.28 3X3 (3X3X%X1) =302 TXTX1 =271 40 -0.271

II. COMPUTATIONAL METHODS

All the calculations were performed in the framework of
density functional theory approach as implemented by the
PWSCF code contained in the QUANTUM ESPRESSO package.
All the molecular graphics were produced by the XCRYSDEN
software package.’? Electron-ion interactions were included
through the use of ultrasoft pseudopotentials.>* Electron ex-
change and correlation effects were described by the gener-
alized gradient approximation of Perdew et al.3>3¢ for accu-
racy in dealing with the water-metal interactions. Kohn-
Sham orbitals were expanded in a plane wave basis set with
a cutoff energy of 38 Ry (300 Ry for the charge density cut-
off). A Monkhorst-Pack mesh?” within the surface Brillouin
zone was used. Brillouin zone integration was performed by
the Gaussian-smearing special point technique, with a smear-
ing parameter of 0.05 Ry.

The clean Pd {100} surface was modeled by an extended
system of a five-layer slab separated by a vacuum region of
12 A. Water was placed on both sides of the slab of a unit
cell of 2X2 size to simulate the adsorbed system. The
k-point samplings of 3 X3 X 1 and 5X5 X 1 were employed
in the present calculations. Structure optimizations were per-
formed with the slab atoms fixed at their bulk-determined
positions, and the adsorbed water was fully relaxed until the
Hellmann-Feynman forces were lower than 0.001 Ry/a.u. A
calculation was considered converged when the energy per
atom was less than 1X 107 Ry and the mean displacement
of the atoms was less than 0.001 A.

Convergence tests of the total energy with respect to cut-
off energies (up to 78 Ry) and k points were performed on a
bare slab as well as a cubic cell representing the bulk Pd. The
absolute total energy was found to converge to 5 meV/atom
at 38 Ry, and the energy differences were within only
8 meV/atom for various k-point samplings (from 3 X3 X 1 to
12X 12X 1). Although our test calculations exhibit certain
cell-size effect on the adsorption energy, the supercell used
here is large enough to avoid interactions between H,O mol-
ecules, as indicated in previous investigations of monomeric
water on other metal surfaces.’®3° The convergence of the
adsorption energy of H,O was checked using the cutoff en-
ergy up to 42 Ry. For the sake of accuracy and validity of
our results, variations of the adsorption energy with respect
to layer thickness, cell size, cutoff energy and k-point sam-
pling are presented in Table I.

The rest of the paper is organized as follows. We initially
studied the properties of the bulk Pd and the bare Pd {100}

surface as well as water molecules of gas phase, followed by
equilibrium properties including adsorption geometry and
binding energy of the stable and metastable configurations of
H,0. The results concerning the bonding nature are given in
the Sec. III, followed by the conclusions in Sec. IV.

III. RESULTS AND DISCUSSIONS
A. Bulk and surface properties

The structure and energy of the isolated gas phase water
were calculated within a box with the same sizes of the ab-
sorbed systems. The optimized geometry for free H,O gives
a bond length of 0.97 A and a bond angle of 104.5°, which
are in line with the experimental values® of 0.96 A and
104.5°, respectively. Calculations for bulk Pd were per-
formed with a cutoff energy of 38 Ry and a k mesh of 12
X 12X 12, in which total energy was converged within
5 meV per atom, varying cutoff energy up to 78 Ry. The
obtained lattice constant (3.97 A) for palladium is also in
good agreement with the experimental value (3.89 A). For
relaxation of clean Pd {100} (Table II), we show that the first
Pd interlayer spacing (d,,) exhibits an inward relaxation, and

TABLE II. Interlayer relaxation of Pd {100} surface as a func-
tion of the slab thickness. The number n indicates the number of
layers in the slab. Ad;=100(d;;—d,)/d0, where d;; is the spacing
between the atomic layer i and j. d, is the interlayer spacing of
bulk-truncated surface, dy=1.805 A. The + and — signs represent
inward and outward relaxations of the interlayer spacing, respec-
tively. Work function of the bare slab, ®P4 100 s also listed below.

Ad,, Adys
Layer or Method (%) (%)
5 -1.1 +0.57
7 -1.1 +0.42
9 -1.1 +0.48
DFT+USPP? -1.0 +0.1
LEEDP +4.6 +0.3
LEED¢ 0 /

@Pd (100) 5.12 (this work),d 5.14,2 5.22¢

4Reference 39.
PReference 40.
‘Reference 41.
dThis work.

“Reference 45.
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TABLE III. Energetic and structural parameters for H,O at stable (atop) and metastable (bridge and
hollow) sites of Pd {100}. E,y is the adsorption energy (eV), which is defined as E*ds=fgwaerslab_ pslab
—E%@er. A® stands for work function change upon adsorptions, which is defined as Ad=dwater/siab
— @%b, g1 is the bond length. @ is the HOH angle. dg_pq is the distance of oxygen atom to the metal surface.
A, is the displacement of the oxygen atom from its precise original place. All the distance are in A unit.

doy 0 do.pa A, Eoas AD
Site (A) (deg) (A) (A) (eV) (eV)
a-atop 0.98 104.6 2.49 0.10 -0.28 -0.77
B-atop 0.98 104.5 2.49 0.15 -0.28 -0.69
B-bridge 0.98 103.5 272 0.18 -0.16 -0.09
y-bridge 0.98 107.6 231 0 -0.09 -2.12
a-hollow 0.98 103.7 2.86 0.31 -0.15 +0.13
B-hollow 0.98 103.0 261 0.80 -0.17 +0.18
y-hollow 0.98 105.5 2.90 0 -0.02 -1.98

an insignificant expansion for the second Pd interlayer spac-
ing (d»3) was observed. Though this observation is in agree-
ment with previous density functional theory (DFT) results,*
it is, however, inconsistent with LEED data.*>*! Similar dis-
crepancy was also reported for the Pd {111} surface.*>*3 The
outward relaxation in the LEED data could be due to the
presence of some residual hydrogen, as indicated by Jung
and Kang.** Therefore, the relaxation pattern presented here
is representative of a true surface relaxation for clean Pd
{100}. The calculated work function of the clean Pd {100} is
in good agreement with DFT? and experimental results.*>

B. Adsorption structures

To obtain a comprehensive search, water was initially
placed on the precise high-symmetry sites (atop, bridge, and
hollow) with various orientations with respect to the sub-
strate. Compared with its state in the gas phase, the bond
length of H,O was enlarged by 0.1 A due to the adsorption
over various sites, while no prominent change on the bond
angle was found (Table IIT).

The near atop region with a radius of 0.6 A was carefully
explored to obtain the globally stable configuration. Our re-
sults show that the water monomer adsorbs weakly but pref-
erentially at atop site with an adsorption energy of —0.28 eV
(Table IIT). This adsorption site is in agreement with the
EELS results of H,O on Pd {100} at about 10 K.® We notice

a-atop Fbridge wbridge

[-atop

a-hollow

(e)

Shollow

that the adsorption energy is similar to that of H,O adsorp-
tion on Pd (111): —0.33 eV (Ref. 26) and —0.30 eV,?’ indi-
cating that the nature of H,O-Pd interaction is localized and
independent of whether the surfaces have a hexagonal lattice
or square symmetry. Moreover, two different water orienta-
tions (a and B) were identified as the most stable structures
[Figs. 1(a) and 1(b)], interestingly, with the same adsorption
energy (—0.28 eV). The molecular plane is nearly at right
angle to the surface normal, suggesting a flat-lying configu-
ration of the adsorption. The oxygen atom is slightly dis-
placed from the precise on-top sites (0.15 A for a-atop,
0.10 A for B-atop). The two molecular orientations obtained
(a and B), with molecular axis along (011) and (001) direc-
tions, respectively, possess the highest symmetry match with
the substrate of square lattice. The obtained barrier, for
switching orientations between a and ( by rotation, was
found to be very low (0.02 eV), indicating that the potential
energy surface of the adsorption is fairly flat within the atop
site. This is in agreement with our previous results for water
on Al {100}, as well as those from other investigations?’
suggesting that vibrational reorientations are active for a
confined monomer within the adsorption well, even at much
lowered temperatures.

Besides the stable on-top adsorption with the flat-lying
configurations, metastable structures (local minimum energy)
of water adsorption over the bridge and hollow sites were
found, and the structural and energetic data are also listed in
Table III. The hydrogen-up configuration over the bridge and

»hollow
LI

FIG. 1. (Color online) Top view (lower pan-
els) and side view (upper panels) of the optimized
structures of adsorbed H,O on Pd {100} surface:
(a) a-atop, (b) B-atop, (c) B-bridge, (d) y-bridge,
(e) a-hollow, (f) B-hollow, and (g) y-hollow. The
plane directions for each panel were indicated in
the rightmost panels. The adsorption energies as
well as structural parameters for each configura-
tion are listed in Table III.
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FIG. 2. (Color online) The two-dimensional (2D) contour plots of electron density difference for water adsorption on Pd {100}. (a)
a-atop, (b) B-bridge, (c) y-bridge, (d) a-hollow, (€) B-hollow, and (f) y-hollow adsorption. Cross sections are shown in directions passing
through the oxygen atom as indicated in Fig. 1. The plots were obtained by subtracting from the adsorption system the densities of a clean
Pd stab and a H,O molecule: An(r)=p"Vaermet(y) _ymetal(y) _pwater(y) The 2D contour maps were drawn in linear scale from [An(r),,;,] to
[An(r) .y, represented by the color gradient. Negative An(r) indicates loss of electron density upon binding, while a positive one corre-
sponds to electron density accumulation. The values of An(r) i, and An(r) ., are also shown on the right side of each map; the white balls

mark the position of Pd atoms.

hollow sites was obtained and denoted as vy-bridge [Fig.
1(d)] and y-hollow [Fig. 1(g)], respectively. It is interesting
to note that the configurations possess high symmetrical
match for the H,O-Pd interactions; however, the adsorption
was very unstable due to the low adsorption energy
(=0.09 eV for y-bridge, —0.02 eV for y-hollow). Other meta-
stable configurations with various displacements from the
precise bridge and hollow sites were identified as the
B-bridge [Fig. 1(c)], a-hollow [Fig. 1(e)], and B-hollow [Fig.
1(f)].

For identified structures of a-hollow and SB-hollow, the
displacements from the precise hollow sites are so pro-
nounced that the oxygen is closer to the atop and bridge
sites. Nevertheless, the two structures exhibit clear character-
istics of negative horizontal angles which were not reported
by previous studies, and therefore, are considered distinct
from Figs. 1(a) and 1(c), respectively. In considering the re-
lationship between the vertical distance of the oxygen from a
substrate and the adsorption energy thereof, Meng et al.?’
claimed that a strong adsorption corresponds to a shorter
oxygen-metal bond. Our results, however, show that such is
not the case for water adsorption on Pd {100}, where the
shortest distance for y-bridge adsorption exhibited a much
weaker adsorption energy [Fig. 1(d)]. This, in fact, demon-
strates the importance of molecular degrees of freedom in
understanding water-Pd interactions, as is the case with mo-
lecular symmetries in surface diffusion.*® The positive corre-
lation between the two quantities, which is applicable for
atomic adsorptions, is invalid for water-metal interaction in
general. Caution must be taken when estimating and compar-
ing adsorption energy from water-metal distances, as well as
other molecules’ adsorption on metals. This is due essentially
to different effects of the Pauli exclusion principle for up-

right water over bridge sites. In addition, we performed cal-
culations of work function change (Ad) upon the water ad-
sorptions, and the results are listed in Table III. A®=-0.77
or —0.69 eV for the on-top adsorption is close to experimen-
tal values,'>?° showing the validity of the current results. The
greatest variations of work function were found for the up-
right water adsorption over the bridge and hollow sites.
However, the order of A® is obviously not inline with that of
the adsorption energy. Our finding, together with results of
water layers on Cu(110),*’ suggests that identification of
stable adsorptions on the basis that a large work function
change on adsorption correspond to favored adsorptions may
not be correct.

C. Electronic structures

To understand the obtained geometrical picture of water
adsorption, we calculated the electron density differences to
characterize electron redistribution and possible bonding or-
bitals in the adsorption of water monomer on the various
high-symmetry sites. Considering the a-atop adsorption,
water-palladium interactions accumulate electrons in a re-
gion circling around the oxygen. Electronic polarization in
this region showed higher accumulation of electrons on sides
with H atoms present. This is illustrated in the cross-
sectional view cutting along the molecular axis [Fig. 2(a)].
Electrons were found to be removed from a 1b,-like orbital
that is intercrossed and orthogonal to the accumulation re-
gion. A more severe depletion of electron can be observed
within the down leaf of this orbital toward the surface bond-
ing atom, suggesting a clear polarization of the state upon
adsorption. The electron rearrangement of the bonding Pd
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FIG. 3. (Color online) Density
of states of (a) a-atop and (b)
[B-atop adsorptions. The 3D isos-
urface value of the electron den-
sity difference (inset) is set at
+0.005 e/ A3
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beneath the oxygen exhibits pronounced characteristics of
the dg and diagonal states (d,, and d,,) [Figs. 2(a) and 2(a")].
Electrons rearranged and accumulated in the d,,- and d,-like
orbitals, while the d -like state, which is responsible for the
electron depletion, stretched toward the 1b;-like orbital of
the water. However, the two depletion regions (1b,-like and
d2 like) are not directly overlapped, and interestingly, a re-
gion of slight electron accumulation sandwiched between
them is discernible. We attribute this feature to the electron
backdonation and electron transfer from d2 to 5s state (see
PDOS below), which are fundamentally different from the
view for water on Ru {1000} reported by Michaelides et al.?®
that 15 l-df transferred electrons into the diagonal states (d,.
and d,,). We found that electron redistribution for the beta
orientation is in line with that of the alpha, indicating that
1b l-df interaction plays a key role in water-palladium inter-
action at the on-top sites.

A clear feature of the over-bridge adsorption is the dis-
torted orbitals of electron accumulation and depletion in
which d2 incline toward each other and slightly get over-
lapped, stretchrng out toward the oxygen over the bridge site
[Fig. 2(b)]. This redistribution pattern can also be found in
the y-hollow adsorption [Fig. 2(e)], and is more clearly rep-
resented in the upright configuration [Fig. 2(c’)]. Moreover,
a special electron rearrangement with the upright water [Fig.
2(c)] can be observed where electron depletion and accumu-
lation are localized in the region just below the oxygen and
in the regions near the oxygen along the OH bonds, respec-
tively. The hollow adsorption [Fig. 2(e)] exhibits similar dis-
tribution as well. These observations suggest that hybridiza-
tion of a’f—pz or dg—py accounts for the adsorption at bridge
and hollow sites.

To further understand the nature of water adsorptions and
how exactly the orbitals are involved in the H,O-Pd interac-
tions, we calculated the PDOS, an important method for
characterizing bonding orbitals of the various adsorption
sites. Each PDOS was projected onto the p states (p,, py, and
p.) of the oxygen, the 4d states (d2, d_, . dyy, dp_p, and d,,),
and the 5s state of the Pd beneath the adsorbed water. The d
components that are not involved in the adsorption are also
shown in the inset figure. Three-dimensional (3D) electron
density difference, which is obtained by subtracting from the
adsorption system the densities of a clean Pd stab and a H,O

molecule: An(r)=pWaermetal(p)_ ymetal(py _ pwater(p) © jo g0

shown in each figure. Negative (red) An(r) indicates loss of
electron density upon binding, while a positive (blue) one
corresponds to electron density accumulation.

From the PDOS of a-atop adsorption [Fig. 3(a)], we
found that an adsorption-induced energy splitting of the d?
state exhibiting a triplet feature, rather than other compo-
nents of Pd 4d states (inset figure), plays a key role in the
water-palladium interaction. With increasing energy, each of
the subpeaks of df in increasing intensity resonates more or
less with molecular orbitals of the water, resulting in a triplet
resonance of H,O-Pd bonding. The hybridization degree,
however, does not follow the sequence of the intensity of the
subpeaks, and the strongest resonance takes place at the in-
termediate peak of d This resonance at the main peak of p,,
which involves combinations of the states of Do dz, Dyl Pys
and 5s, constitutes a major hybridization of H,O-Pd interac-
tion. This result is substantiated by the 3D electron density
difference shown as in the inset of the figure. For all the
involved states, possible overlaps, in the order of decreasing
interaction efficiency, include pz-di, p.-5s, py/ py-dg, and
P/ py-5s.

These results provide evidence that the p, d interaction is
involved in the on-top adsorption and also that the role of 5s
in the bonding is indispensable. The weak resonance (first
resonance) at the p,/p, peak of higher energy is a combina-
tion of dz, P«/py> and p, (namely, the interaction of 3a1 -d,).
The third resonance at the energy of the main peak of d isa
combination of p, and d which is stronger than the first
resonance, but is still far weaker than the second one. Inter-
estingly, the roles of d* in the second and third resonances
are distinct, whereby d serves as an acceptorlike orbital in
the former and as a donorlike one in the latter.

According to configuration principle, electron occupation
of 55 at ground state has priority over that of 4d for the Pd
electronic configuration [Kr] 44'°5s°. From the PDOS analy-
sis, we found that all the d components were not fully occu-
pied for the adsorption over the various high-symmetry sites,
which is a consequence of the partial electron transference
into Ss state. We found that Ss is partially occupied, and that
the state below the Fermi level serves as the bonding state,
which shows a clear adsorption-induced resonance at the en-
ergy of the p, main peak, while the state above the Fermi

235433-5
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FIG. 4. (Color online) Density
of states of the (a) B-bridge and
(b) y-bridge adsorptions. The
3D isosurface value of the elec-
tron density difference (inset) is
set at 0.005 and +0.004 e/A,
respectively.
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level contributes to the antibonding state. It is noteworthy
that bonding-antibonding splittings below the Fermi level are
also observed here.

Compared with the beta adsorption [Fig. 3(b)], we found
some consistent similarities of the PDOS between the two
orientations of the on-top adsorptions, along with the follow-
ing discrepancies. (a) Both p, and p, states exhibit doublet
structures for the alpha orientation, but nearly singlet struc-
tures for the two orbitals were observed for the beta adsorp-
tion. (b) p, and p, are degenerate at the energies of the peaks
for alpha adsorption, while it is not so for beta orientation.
(c) Hybridization involving d? with both p, and p, states is
presented in the second resonance for a«-atop adsorption,
whereas p, state is absent for the beta orientation. These
observations show that the electronic nature of the on-top
adsorptions can be somewhat different, even though the
same energetic and structural picture is obtained.

In the case of adsorption over bridge sites, as illustrated in
Fig. 4(a) for the B-bridge structure, the adsorption-induced
doublet and triplet structures for d,, and d,, states, respec-
tively, are involved in the resonances of the water-palladium
interaction. The resonance at the energy of the main peak of
p,» which comprises hybridization of p, with d,, or d,, and a
small amount of overlap of p, with d,, or d,,, contributes the
major energy of the adsorption. Another resonance near the
Fermi level is also discernible, which is related to the hybrid-
ization of d,, with p_ at the energy of the main peak of d,,.
For upright adsorption over the bridge site [Fig. 4(b)], only
the p, state is involved in the overlap with the subpeak of the

dg state, and the resonance is rather weak, resulting in low
adsorption energy.

For the a-hollow site [Fig. 5(a)], the d,, state is found to
play a role in the hybridization involving an overlap with p,
and p_. Similar electronic structure is found for the S-hollow
configuration [Fig. 5(b)]. An additional state, d_,, is ob-
served. Moreover, the resonance of p, and d,, is stronger
than that of any other configuration in our analysis. The
weakest adsorption, upright water over the hollow site, ex-
hibits no clear hybridizations between orbitals of the water
and those of the substrate.

From optimized structures, we notice that the adsorbed
water exhibits either a flat-lying configuration or an upright
one. A common feature of the flat-lying adsorption, from
electron density difference, is the interaction of 15,-like mo-
lecular orbital with the Pd d? state. 3a;-like orbital is the
preferred adsorption with the upright structure. We notice
that this is a general rule for water adsorption on metals, as
reported in the previous study. In the framework of the
frontier-orbital theory, these orbital overlaps meet symmetry-
match standards, and therefore, gain relatively stable adsorp-
tions. This is confirmed by our 3D electron density differ-
ence as well as the results of electron density of states.
Moreover, PDOS analyses reveal that the energy shifts of the
orbital resonance at the energy of the main peak of the p,
state are more pronounced for the two on-top adsorptions,
suggesting greater charge transference between the adsorbate
and the substrate, and therefore, a stronger binding energy
compared to that on other sites.

R p,/p, p,/p, P, &: P, Py : ‘ .
: , P, ¢ °
3 ' T=llg FIG. 5. (Color online) Density
2 1--do 2 2-d,/d of states of the (a) a-hollow and
é 1t 4 2--dz‘/d7\-_ 3-d 1 (b) B-hollow adsorptions. The 3D
» 5 3-d ) 4 4 d\\z isosurface value of the electron
o 1 ¥ 12 “ density difference (inset) is set at
2 4-d’ +0.004, +0.004, and £0.002 e/ A®,
3 ) \ 58 / \ m respectively.
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IV. CONCLUSIONS

Monomeric water adsorption on various sites of Pd {100}
has been investigated within the framework of the density
functional theory. We have presented a detailed picture of the
electronic structure for the adsorptions by using work func-
tion analysis, charge density difference, and partial density of
states. We have reported a counterintuitive relationship be-
tween the vertical distance of the oxygen (gamma-bridge)
from the substrate and the adsorption energy thereof. In ad-
dition to the well-recognized role of the df orbital, some
other d orbitals were found responsible for the adsorption
nature of the water-metal interactions. We have shown that

PHYSICAL REVIEW B 76, 235433 (2007)

Pd 5s state plays an indispensable role in water adsorptions
including the favored on-top case, which has not been previ-
ously reported. Our results suggest that it is improper to treat
the electronic nature of water-metal interactions as the
simple regime of lb]-dz or Sa,-dg hybridization.
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