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Water adsorption on the Be(0001) surface:
from monomer to trimer adsorption®
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In this paper, the density functional theory has been used to perform a comparative theoretical study of water

monomer, dimer, trimer, and bilayer adsorptions on the Be(0001) surface. In our calculations, the adsorbed water

molecules are energetically favoured adsorbed on the atop sites, and the dimer adsorption is found to be the most stable

with a peak adsorption energy of ~ 437 meV. Further analyses have revealed that the essential bonding interaction

between the water monomer and the metal substrate is the hybridization of the water 3a;-like molecular orbital with

the (s, p2) orbitals of the surface beryllium atoms. While in the case of the water dimer adsorption, the 1b-like orbital

of the Ho O molecule plays a dominant role.
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1. Introduction

Water is one of the most plentiful and essen-
tial compounds existing in nature. During the last
few decades, studies of the chemisorption process
and the structures of water—metal interfaces have re-
ceived intensive attention due to their importance for
the existence of life and for astrophysics and atmo-
spheric science. Essentially, investigating the inter-
action of water molecules with metal surfaces is a
fundamental subject, which can help to understand
more complicated water—metal systems. Generally,
water monomers are difficult to detect on a metal
surface, even at low temperature. However, many re-
searchers have reported that isolated water monomers,
water dimers, and cyclic water hexamers can be ad-
sorbed on the surfaces of Ag(111), Cu(111), Pd(111),
Pd(110), et al. in experiments.'=?] The water bi-
layer formation on noble metals and most of the late
3d, 4d, and 5d transition metals has also been re-
ported by several researchers.[!®11) From a theoret-
ical point of view, a series of adsorptions of water
monomers on closely packed metal surfaces, such as
Ru(1000),1'2) Pt(111),13:14 Ag(111),1% Ni/H,0,[16]
and Cu(100),['") have been studied through ab-initio
investigations.

Though water adsorptions on noble and tradition
metal surfaces have been the focus of many inves-
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tigations, experimental and theoretical studies have
seldom been performed on a water—simple metal in-
terface. In fact, the study of water adsorption on
simple metal surfaces is also of great importance in
fundamental research and applications, as many stud-
ies are now being applied to explore the possibility
of using simple metals instead of noble and transition
metals in some applications. An interesting issue be-
hind this study is whether the water adsorbed on a
simple metal has similar properties to that of water—
transition (noble) metal systems. The aim of this work
is to tackle these and related issues by understanding
the interactions and the electronic structures of the
water adsorption on the surface of metal beryllium.
As a simple metal, the beryllium has a very simple

electronic configuration ([He]|2s?).
(18]

It is usually used
as a neutron multiplier, and is a very important
material in nuclear fusion reactors.'®! In this paper,
we perform the first first-principles total-energy cal-
culations for the water adsorption on the Be(0001)
surface to understand the essential characteristics of
the Be(0001)/H50O system.

The outline of this paper is as follows. In Section
2, the computational method and the atomic models
are described in details. In Section 3, the total-energy
calculation results for bulk-phase beryllium, the clean
Be(0001) surface, and the free water are presented for
calibration and benchmarking purposes; meanwhile,
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water monomer and water cluster adsorptions on the
Be(0001) surfaces are shown and discussed. In Section
4, we summarize the essential results and the conclu-
sions obtained in this work.

2. Methodology and structural

models

In this work, all the calculations are per-
formed using the Vienna ab-initio simulation pack-
age (VASP)[2%21 with the projector-augmented wave
(PAW) approach.(??23] The generalized gradient ap-
proximation (GGA) in the form of Perdew-Burke—
Ernzerhof (PBE)P4 is chosen for the exchange-
The first-order Methfessel-

Paxton method??! for the Fermi smearing with a

correlation functional.

width of ~ 0.2 eV is used for the Brillouin zone in-
The Monkhorst—Pack scheme?®! with a
6x6x1 k-mesh has been used for the integration of the
surface Brillouin zones for p(3x3) and (v/3 x v/3) R30°
supercells. The p(3x3) for monomer, dimer, and
trimer adsorptions and the (v/3 x \/§)R30° for the
bilayer adsorption have been used in this work. The

tegrations.

energy cut-off for the plane wave expansion has been
set to 500 eV. The convergence criteria for the total en-
ergy and the Hellmann—Feynman force are taken to be
107° eV and 1072 eV/A, respectively. On the (0001)
surface of an hep crystal, there are four different sym-
metric adsorption sites in total, known as fcc, hcp,
bridge, and atop sites. The adsorption of water on
each bonding site on the Be(0001) surface is studied,
and the favoured azimuthal orientations of the water
molecule on the surface are also considered. The tar-
get surface is modeled by a seven-layer Be(0001) slab.
We relax the beryllium atoms in the three top-most
layers as well as the water and keep the lower four
Be(0001) layers fixed to provide an environment for
the bulk beryllium substrate. A vacuum region with
thickness ~10.0 A is found to be sufficient to avoid the
interference between neighbouring slabs. The water is
absorbed on one side of the Be(0001) slab, and the in-
duced dipole moment is taken into account by apply-
ing a dipole correction.[?:28] In addition, we address
the stability of the Be(0001)/H30 structures with re-
spect to the adsorption of water by using total-energy
calculations and adsorption energy analysis. The ad-
sorption energy of water is defined as

1
Eags = N(EBe(OOOI)/water — N Eyater

— EBc0001)), (1)

where N is the number of water molecules in a sur-
face unit, and Fyater is the total energy of an isolated
water molecule, Epegoo1) and Epe(0001)/water are the
total energies of the clean Be(0001) surface and the
Be(0001)/ HpO adsorbate-substrate system, respec-
tively.

3. Results and discussion

3.1.Bulk and
beryllium combined with molecular

surface properties of

water

In practice, bulk beryllium is nearly a semicon-
ductor, whereas the bonding on the Be(0001) surface
is more metallic. In order to understand the properties
of bulk beryllium and the Be(0001) surface, a compar-
ison of DFT converged lattice parameters with the ex-
perimental values for beryllium will be shown in the
following. For hexagonal closely packed bulk beryl-
lium, the optimized lattice constant a and c¢/a ratio
are determined to be 2.27 A and 1.57, respectively,
in the PAW-PBE approach. It is no doubt that the
present predictions are in good agreement with pre-
vious DFT-GGA calculations.!?>3% The correspond-
ing measured parameters for beryllium are listed as
a =2.285 A and ¢/a = 1.569, respectively.*!] The op-
timized lattice constant a in this work is about 1.7%
smaller than the experimental one. Such a small dif-
ference implies a well-converged GGA calculation us-
ing the PBE exchange—correlation functional. The
calculated c¢/a ratio accords with the experimental
result perfectly. In Table 1, the comparison of the
calculated surface relaxation of clean Be(0001) with
related references and experiments is shown. In the
present work, the surface relaxation calculations have
been preformed within a seven-layer Be(0001) slab and
with a p(1x1) periodicity. The conclusions could be
stated as follows. The interlayer relaxations d;; be-
tween layers ¢ and j with respect to the bulk spac-
ing (dy = 1.78 A) are expanded, i.e., Adjy = 3.38%,
Adsz = 1.42%, and Adsy = 0.85%, for the three top
Be(0001) layers. Actually a surface layer expansion
Ady2 ~ (5.840.4)% was reported in a low electron en-
ergy diffraction (LEED) analysis, which is larger than
this calculation (3.38%). Several first-principles cal-
culations have qualitatively confirmed the surface ex-
pansion of the Be(0001) surface.
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Table 1. Comparison of calculated surface relaxation of
the Be(0001) surface with related references and experi-
ments. Symbols Adya, Adas, and Adss represent relative
outer layer expansions.

Adi2/% Ada3z /% Adza/%
GGA 3.38 1.42 0.85
LDA[32] 3.9 2.2 -
LDA[33] 2.7 1.2 0.6
LDAB4 5.9 0.9 0.0
LDAI[35] 2.9 1.1 0.4
LDA[30] 2.1 - -
GGABI 2.5 - -
Exp.131] 5.840.4 -0.240.5 0.2£0.5

In Table 1, it is easy to find that all these com-
puted results of the surface relaxation are not ev-
idently in agreement with the experimental values.
Among these values, Adis (5.9%) obtained in Ref. [34]
is the closest to the experimental results, which was
obtained based on the many-body effective potential
method and the cluster calculation instead of the peri-
odic slab DFT calculation. Actually, the effective po-
tential and cluster method has not been considered as

a suitable and precise approach to study the periodic
surface problems due to the poor boundary condition
treatment incorporated in this method. At present, it
is still unclear why the experiments and the theories
disagree as much as they do. One possible explana-
tion is that temperature effects are not included in all
of the DFT calculations. In view of these facts, we
may speculate that DFT-GGA total energy calcula-
tions could be used as a powerful tool to study the
surface relaxations of the Be(0001) slab, especially at
low temperature.

To illustrate the feasibility of the PAW-PBE ap-
proach for describing the water and hydrogen bond,
the optimized geometries of the free water monomer
and the free water dimer are tabulated in Table 2.
The bond angles (a, §) of the free water dimer have
Our results show that the
calculated configurations of the monomer and the

been depicted in Fig. 1.

dimer are in excellent agreement with the previous
experiments.36:37]

Table 2. Calculated geometries of a water molecule and the free water dimer.

Present Ref. [14] Exps. [36] and [37]
OH bond length/A 0.973 0.973 0.957
Water HOH bond angle/(°) 104.49 104.85 104.52
00 distance/A 2.88 2.86 2.98
a/(°) 3.15 2.79 146
Water dimer B/(°) 123.10 126.35 12346
formation energy/kJ-mol~! 21 24 23

MO

Fig. 1. (colour online) Bond angles (o, ) of free water
dimer.

3.2. Water monomer on Be(0001) sur-
face

The optimized geometries for a monomer on the
Be(0001) surface are schematically shown in Fig. 2
and further specified in Table 3. In Table 3, E.q4s is
the adsorption energy, do_ge stands for the distance
of the oxygen atom to the metal surface, do_g is the
bond length of water, A,, is the displacement of the
oxygen atom from its precise original site, © is the
angle of the water axis away from the surface nor-
mal, ZHOH is the HOH bond angle, A® stands for
the work function change upon adsorptions, and is
defined as AP = Pyater/slab — Pslab- For the monomer
adsorption, in order to obtain comprehensive research,

one isolated water monomer is initially placed on one
of the high-symmetry sites, i.e., atop, bridge, fcc, and
hep sites, with various orientations relative to the sub-
strate. Systematically, we also consider the structures
of the upright water adsorbed on the above-mentioned
high-symmetry sites. All the calculations confirm that
the water lies nearly parallel to the Be(0001) surface
in every adsorption site (see Table 3 for details). The
structural optimization and the total-energy calcula-
tion indicate that the atop site is the most stable site
compared to the other sites. This observation is fur-
ther supported by a shorter water-metal (O-Be) bond
length (~1.82 A) found on the atop site. The favoured
azimuthal orientation identified for the monomer on
the atop site has one OH bond directed toward an fcc
site and the other close to the direction of a bridge
site. It is found that the monomer adsorbed on the
atop site is laterally displaced from the precise site by
0.11 A, and the beryllium atom directly beneath the
water is slightly displaced along the surface normal
from the other top layer atoms.
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Fig. 2. (colour online) Schematic top views (lower panels) and side views (upper panels) of the optimized adsorbed
water monomer structures on Be(0001) surface at (a) atop, (b) fce, (¢) hep, and (d) bridge sites. The related adsorption
energies as well as the structural parameters for these configurations are listed in Table 3.

Table 3. Adsorption energies and optimized structural parameters for water monomer at high-symmetry

sites of Be(0001) surface.

Site Eogs/meV do_Be/A Agy/A do_u/A e/(°) ZHOH/(°) AD/eV
Atop 271 1.82 0.11 0.98 70.0 106.10 ~1.60
Bridge 25 3.82 0.18 0.97 88.4 104.18 ~0.05
fec 26 3.39 0.11 0.97 77.6 104.11 0.19
hep 28 3.41 0.13 0.97 77.0 104.13 0.17

As shown in Fig. 2(a), the water molecule ab-
sorbed on the atop site is tilted approximately 70°
The OH bond is
stretched slightly from the calculated gas-phase value
of 0.97 A to 0.98 A, and the HOH bond is more
open than that in an isolated water molecule. An
increased OH bond length and a larger ZHOH in-

dicate that the electronic charge transfers from the

away from the surface normal.

water molecule to the beryllium surface. These re-
sults also yield that the water molecules with different
axes in respect to the surface normal on the atop site
have slightly difference energies. The maximum differ-
ence is ~ 3 meV, suggesting that the adsorbed water
monomer can rotate freely within the two dimensions
on the surface. This is in line with previous reports
on the water adsorptions on Pd(100), Ru(0001), and
Pt(111) surfaces.[1%:14,38]

It is unexpected that the higher symmetrical wa-
ter adsorptions are very unstable due to their reduced
adsorption energies (25 meV for bridge, 26 meV for
fce, and 28 meV for hep). No prominent changes have

been found for the bond angles and the bond lengths

of the monomer adsorbed on the metastable sites in
comparison with those of the water in the gas phase.
Actually, the largest difference among the properties
of these adsorption sites is the height of the water
molecule above the substrate surface (see Fig. 2). The
O-Be bond lengths vary from ~ 1.82 A on the atop
site to ~ 3.5 A on the fcc site. Considering the rela-
tionship between the vertical distance of the oxygen
atom from the beryllium substrate and the adsorption
energy, Meng et al.'¥ advanced that a strong adsorp-
tion corresponds to a shorter oxygen—metal bond. We
have also performed calculations for the surface work
function changes upon the water adsorption (see Ta-
ble 3 for details). A remarkable variation of the sur-
face work function is found in the atop site adsorption
case, while such a change is quite small for hcp and
the fcc adsorptions. Thus, these results suggest that
atop site adsorption with a shorter oxygen—metal bond
and a large work function change is favoured on the

Be(0001)/H50 surface.
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3.3. Water clusters on the Be(0001) sur-
face

The adsorption of water clusters is interesting
since both H bonding and water—surface interactions
are involved at the same time. Because a water cluster
is larger than an isolated water molecule, a larger su-

percell should be adopted in the periodic calculation

of water cluster adsorptions. In this work, a supercell
of p(3x3) is employed for the water dimer and the wa-
ter trimer, while a smaller slab of (\/§ X \/§)R30° is
used for the bilayer adsorption on the Be(0001) sur-
face. The optimized geometries for these structures
are depicted in Fig. 3, the energetic and the geomet-
ric configurations for each molecule in the clusters are
specified in Table 4.

(c2)

LS S A

(d2)

Fig. 3. (colour online) Schematic top views (upper panels) and side views (lower panels) of the optimized structures

of (a) water dimer, (b) water trimer, (c) H-up bilayer, and (d) H-down bilayer adsorption on Be(0001) surface. The

parallelograms in panels (a) and (c) indicate p(3x3) and (/3 x v/3)R30° surface unit cells, respectively.

Table 4. Structures and energies for water cluster adsorption on Be(0001) surface. Adsorption energies F,qs,

hydrogen bond energies Eyp, distances, angles, and work-functions are tabulated in units of meV, A, degree, and

eV, respectively.

Cluster Fads do—_Be do—m1 do—_n2 do—o Agy e /HOH (] Fup

Monomer 271 1.82 0.98 0.98 0.11 70.0 106.10 3.79

Dimer 437 1.72 1.02 0.98 2.62 0.02 51.8 108.37 4.11 332
3.16 0.99 0.98 0.14 30.6 102.27

Trimer 288 3.52 0.99 0.98 2.78 0.51 27.9 104.87 5.87 51
3.34 0.99 0.97 2.78 0.18 43.9 106.10
4.14 0.99 0.97 2.81 0.33 63.8 106.48

H-up bilayer 303 2.01 0.99 1.00 2.51 0.02 53.7 103.61 0.18 111
3.74 1.05 0.97 0.06 0.06 109.05

H-down bilayer 36 1.80 1.04 1.04 2.33 0.02 48.6 102.05 3.07 -
3.05 1.05 1.08 0.02 0.06 89.10

For dimer adsorption (see Fig. 3(a)), both water
molecules prefer atop sites, forming a configuration
The O-O
distance in this case (~2.63 A) is shorter than that
(~2.88 A) in the free water dimer case, and the O-H
bond in the water molecule is stretched slightly from
0.98 A to 1.02 A (see Table 4 for details). We can
thus infer that the hydrogen bonding in the adsorbed

similar to that of the free water dimer.

dimer has been enhanced considerably. The shortest
O-Be distances are 1.72 A and 3.16 A for the low-

lying and the high-lying water molecules, respectively.
The two molecules of the adsorbed dimer make an
angle of f ~ 102°, which is smaller than that of a
free water dimer. Furthermore, the geometry of the
high-lying water molecule is 30.6° away from the sur-
face normal, while the low-lying water molecule lands
about 51.8° away. Meanwhile, a narrower ZHOH and
a wider ZHOH are observed in the high-lying and the
low-lying water molecules, respectively. We speculate

that these results may be caused by the charge transfer
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from the low-lying water molecule into the substrate
and the back donation from the beryllium substrate
to the high-lying water molecule due to the interac-
tion between the water molecules and the beryllium
surface.

As shown in Fig. 3(b), the adsorbed trimer retains
its triangle-like shape, and the three water molecules
do not lie flat on the surface. In Table 4, an elon-
gated O—H bond and a wider ZHOH are observed for
both the water molecules with the longest and the
shortest do_pe. The lateral displacement A, of the
water molecule in the trimer is larger than those of the
molecules in the monomer and the dimer adsorptions.

Finally, the water bilayer adsorption on the
Be(0001) surface has been investigated in a simi-
lar approach. At higher coverages, water bilayers
and water multilayers are considered in the water
adsorption. One of the well-known forms is the
(v/3 x V/3)R30° bilayer proposed by Doering and
Madey, in which the water molecules form a puck-
ered hexagonal network.”) Such a bilayer struc-
ture has been proposed and/or observed on sev-
eral metal surfaces, including Ru(0001), Pt(111), and
Rh(111) surfaces.['21440] n this study, the optimized
structural parameters and the adsorption energies of
the H-up and the H-down bilayers adsorptions on
the Be(0001) surface are presented in Table 4, and
the corresponding atomic structures are displayed in
Figs. 3(c) and 3(d). As shown in Fig. 3, the configu-
ration of the bilayer in a (v/3 x v/3)R30° surface slab
includes two water molecules. Both water molecules
are located over the atop sites. The low-lying wa-
ter molecule lies quite flat on the surface, while the
high-lying molecule sits upright in the plane of the
surface normal. It is interesting to note that the high-
lying water molecule in the H-down case has appar-
ently pressed the low-lying water molecule much closer
to the surface, while in the H-up case, the high-lying
molecule has pulled the low-lying molecule away from
the surface. A wider ZHOH (H-up) and a narrower
ZHOH (H-down) of the high-lying water molecule of
the bilayers are thus observed. The angles ZHOH of
the low-lying molecules in the two cases are smaller
than that in the free water molecule case. Mean-
while, the vertical O—O distances have been found to
be 1.30 A and 0.63 A for the H-up and the H-down bi-
layers, respectively. The maximum do_ge are 3.74 A
and 3.05 A in the H-up and the H-down bilayer adsorp-
tions, respectively. It is observed that the O—H bonds
of the low-lying water molecules in the two bilayer ad-

sorptions tend to be lengthened. The H-bonded O-H
distances range approximately from 1.04 A to 1.07 A,
and the rest of the O-H bond lengths are 0.97 A and
1.04 A for the H-up and the H-down bilayer adsorp-
tions, respectively. The difference between the ad-
sorption energies of the H-up and the H-down bilayer
structures on Ru(0001), Pt(111), and Rh(111) sur-
faces is slight.[*) The H-down bilayer structures ad-
sorbed on Pt(111) and Rh(111) surfaces are ~0.03 eV
and 0.02 eV more stable than the corresponding H-
up bilayer structures, respectively, whereas, on the
Ru(0001) surface, the H-up bilayer structures are more
stable.
layer adsorption on the Be(0001) surface is energeti-

Our calculations suggest that the H-up bi-

cally favoured and stable, which is similar to the water
bilayer adsorption on the Ru(0001) surface, while the
H-down bilayer adsorption is so lacking in adsorption
energy that the H-down atomic geometry might not
be considered as a hopeful candidate in this case.
Among the adsorbed cluster mentioned above,
the dimer is the most stable with adsorption energy
~ 437 meV. The H-down bilayer is the least stable,
and the adsorption energy is only ~ 36 meV. The H-
up bilayer and the trimer lie in between. This energy
difference reflects that the H-bonds form dominantly
in the adsorbed cluster. In Table 4, we expect that
the hydrogen bonding energy in the adsorbed dimer
is 332 meV by subtracting the adsorption energy of
two monomers (437x2-271x2 meV). This energy is
larger than that of the free dimer (~ 223 meV) cal-
culated in this work, the latter is very close to the

[36] The enhance-

experimental value (236+30 meV).
ment of the hydrogen bond by the metal substrates
can be directly seen from analyzing the valence charge
redistribution. On other metal substrates, such as Pd,
Rh, Ru, and Au, the water—surface hydrogen bond-
ing enhancement similar to our case has also been
observed.[*!] For trimer and bilayer adsorptions, the
weakened hydrogen bonding is obtained by using the

following bond counting method. Here, we use
Eup = (Fags|bilayer] X 2 — E,qs[monomer])/3, (2)

which characterizes the mean H bond formation en-
ergy in the bilayer adsorptions. It can be easily seen
that the H bond formation energy of the H-up bilayer
is one third of that of the dimer case, while the trimer
has the minimum energy (~ 51 meV). The H bond
energy of the H-down bilayer adsorption is not listed
in Table 4 due to its negative value. In this case, the
hydrogen bond is unstable. In reality, the H bonds
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and the water—surface bonds for the trimer and the
bilayer adsorptions are closely entangled.

3.4. Electronic structures

In this section, we turn our attention to the elec-
tronic properties of the Be(0001)/H20O surface. In or-
der to understand the obtained geometrical picture of
the water adsorption, we calculate the possible bond-
ing orbitals and the electron density differences to
characterize the electronic charge redistribution after
the adsorption. The partial densities of states (PDOS)
of the water monomer and the water dimer as well as
the electron density differences of the monomer, the
dimer, and the bilayer adsorbed on the atop site of
the Be(0001) surface are computed and discussed.

3.4.1. Water monomer adsorption

Firstly, the calculated electronic densities of
states (DOS) for the clean and relaxed as well as the
water monomer adsorbed Be(0001) surfaces are de-
picted in Fig. 4. It is obviously seen that the DOS
of the surface beryllium atom at the Fermi energy
is largely reduced after water adsorption, showing
the weaker metallicity of the water-adsorbed Be(0001)
surface. The main change of the DOS upon water ad-
sorption is that the highest peak in the plot for the
clean Be(0001) surface is decreased and shifted to the
energy region below 1.0 eV, meanwhile, two new peaks
located respectively at near 7.5 eV and 5.5 eV below
the Fermi level are clearly observed.

1.5
clean

T 10
3
ﬂ:g 0.5F
E e
20— 1 ‘
S) .
s Be/H,0
7 1.0r
<]
a

! M

0 L WAM\J\

—-10 -8 -6 -4 =2 0 2 4
Energy/eV

Fig. 4. Total densities of states (DOS) for (a) surface

beryllium atom of clean Be(0001) surface and (b) beryl-

lium atom beneath the water monomer. The Fermi level
is labeled by a dotted line.

In detail, the curve for the PDOS projected
onto the oxygen local orbitals for the adsorbed water

molecule and the substrate beryllium atom bonded to
the water monomer are shown in Fig. 5, where the

occupied molecular orbitals of an isolated H,O are la-
beled as 1bsy, 3a;, and 1b; respectively. The 2a; or-
bital of gas-phase water residing at about —22.0 eV
is not shown in this figure for simplicity. The PDOS
of HyO projected onto the oxygen local orbitals indi-
cates that the main peaks are contributed by the 1bo,
3a1, and 1by orbitals of the HoO molecule. As the
1by orbital does not visibly interact with the beryl-
lium surface, to estimate how the other energy levels
shift upon adsorption, we have aligned the 1by level
of the gas-phase HoO to the lowest energy peak of the
adsorbed oxygen in Fig. 5(a). Using this energy refer-
ence, the PDOS of the oxygen orbitals shows that the
1bs-like water molecular orbital is located at ~10.3 eV
below the Fermi level. The first resonance at the 1bg-
like peak of higher energy is a combination of p, and
py states. Upon water adsorption, the 3a;-like or-
bital of the water molecule situated at ~ 7.5 eV be-
low the Fermi level is observed to shift downward by
~0.7 eV. Actually, the strongest resonance takes place
just at this energy, showing that the 3a;-like orbital
hybridizes with the beryllium orbitals intensely, which
As for the third peak at

~5.5 eV below the Fermi level, the centre of gravity

involves s and p, states.

for energy resides at nearly 0.9 eV below that of the
1b; orbital of an isolated HoO molecule. The 1b;-like
orbital has essentially the character of p, combined
with parts of p, and p, components, which is wider
than the second DOS peak. Therefore, analysis of the
PDOS yields that the water monomer is bonded to the
Be(0001) surface mainly via the 3a;-like orbital and
the 3a;-like orbital has primarily the characteristics of

the oxygen atom.

5
@ —3, O
gL | 1 3a; i 1b, v

e
-
1

L

V 5

Partial density of states/eV—1!

0.31 (b) Be
0.2F
0.1F |

(o] L ‘ 4 i i

Energy/eV

Fig. 5. (colour online) (a) Orbital energy diagrams for
gas-phase HoO with the projected PDOS onto the oxygen
orbitals for the adsorbed water monomer. (b) The pro-
jected PDOS of the beryllium atom bonded to the water
molecule. The Fermi level is fixed to zero.
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3.4.2. Water dimer adsorption

In water dimer adsorption, the PDOS projected
onto two oxygen atoms and beryllium atoms bonded
to the water molecules are described in Figs. 6 and 7.
Similar to the PDOS of the water monomer adsorp-
tion on the Be(0001) surface, the 1by orbital of the
gas-phase HoO has been aligned to the lowest molecule
orbital of the oxygen derived for the HoO dimer. Com-
pared with Fig. 5, we could find some consistent simi-
larities of the PDOS between the water monomer and
the bottom water molecule of the dimer adsorption.
(i) Both the p, and the p, states of oxygen are found
to be in the intensity resonances in the first peak, i.e.,
a clear 1by-like orbital. (ii) Oxygen orbitals involving
Pz, Py, and p, are presented in the second peak for
the monomer adsorption case, whereas the p, state
has not been observed for the bottom molecule of the
dimer adsorption yet.
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Partial density of states/eV—!

[en]

Energy/eV

Fig. 6. (colour online) (a) Orbital energy diagrams for
gas-phase H2O and the PDOS projected onto the bot-
tom oxygen orbitals for a water dimer adsorbed on the
Be(0001) surface. (b) The PDOS projected onto the beryl-
lium atom bonded to water. The Fermi level is set to zero.

(iii) The third peak of the oxygen characteristics
is broader than the other states in both cases. Here it
is worth pointing out that in Fig. 6 the peak height of
the 1b;-like orbital is higher than that of the 3a;-like
orbital, while in the monomer adsorption, the weight
of the 3a;j-like orbital dominates. These results in-
dicate that the 1b;-like orbital of the bottom water
molecule in the dimer adsorption plays a more impor-
tant role.

In order to analyze the effects of the bottom wa-
ter molecule clearly, the PDOS of the top molecule for
the water dimer is also calculated and shown in Fig. 7.
In this case, the 1by-like and the 3a;-like orbitals of
the water molecule have only small changes in energy

level, i.e., shifting down by ~ 0.4 eV in comparison

with that of a free water molecule. We conclude that
in the dimer adsorption, the bottom water molecule
localizes dominantly in the water—surface interaction,
while the top one is almost unaffected. Furthermore,
the electron density difference for the adsorbed dimer
(see Fig. 8(b) for details) also confirms these observa-

tions.
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Fig. 7. (colour online) (a) Orbital energy diagrams for

gas-phase HoO and the PDOS projected onto the top oxy-
gen orbitals for water dimer adsorbed on the Be(0001)
surface. (b) The PDOS projected onto a beryllium atom
bonded to water. The Fermi level is set to zero.
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Fig. 8. (colour online) Isosurfaces of electron density dif-

(b)

4
¢

ference upon adsorption for (a) water monomer, (b) dimer,
(¢) H-up bilayer, and (d) H-down bilayer adsorptions on
Be(0001) surface.
density increase, while blue contours indicate an electron

Yellow contours indicate an electron

density decrease. The isosurface value of the electron den-
sity difference is set at +0.007 e/A3.

For examining the electron density difference
upon the adsorption and the above orbital based
analysis, the electron density difference for the water
monomer, the water dimer, the H-up bilayer, and the
H-down bilayer adsorptions on the Be(0001) surface
are calculated. The electron density difference reveals
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the redistribution of charge upon the adsorption. In
this work, the electron density difference is defined as

Ap = p[(H20),,/Be] — p[(H20),] — p[Be],  (3)

while n is the number of water molecules within a
surface cell, p[(H20),,/Be] is the total electron charge
density of the Be slab with waters, p[Be] is the total
charge density of the bare Be slab, and p[(H20),] is
the total charge density of the water molecules. In
computing p[Be] and p[(H20),], the Be atoms and
the water molecules are kept fixed at exactly the same
positions as they are in physisorbed/chemisorbed sys-
tems.

For water monomer adsorption, it is easy to find
out that there is an obvious charge accumulation in
between the oxygen and the surface beryllium atoms
(see Fig. 8(a) for details). Subsequently, in the dimer
and the bilayer cases, the universal structures indicate
that the water—surface interaction is localized princi-
pally in the lower water molecules, while the higher
water molecules are almost unaffected by the sub-
strate beryllium atoms, as shown in Figs. 8(b), 8(c),
and 8(d). The electron density difference of these low-
lying water molecules for the adsorbed dimer and bi-
layer is similar to that in the monomer water adsorp-
tion. The O-Be bond of the low-lying molecular in
the water dimer adsorption is strongest due to the
shortest do_pe. In the H-up water bilayer adsorp-
tion (Fig. 8(c)), the high-lying water molecule shows
a quite weak hybridization with the metal substrate
surface due to the very large distance between them.
In addition, this observation also implies that the elec-
tron redistribution on the low-lying water molecule
does not affect the electron density of the high-lying
water molecules at all. In the H-down case, Fig. 8(d)
shows that the H-Be bond of the high-lying molecule
affects the electron redistribution considerably. Elec-
tronic charge transfer from the hydrogen to the sur-
face beryllium atoms occurs. However, the H-Be bond
does not appear because of the instability of the H-
down bilayer adsorption on the Be(0001) surface.

4. Conclusion

The adsorptions of water monomers and water
clusters on the Be(0001) surface have been investi-
gated by using the DF'T method and total-energy cal-
culations. We have also presented a detailed picture
of the electronic structure for the adsorptions by using

surface work function analysis, the partial density of
states, and the electron density difference. The aim of
the present work is to shed light onto the general fea-
tures of the water—simple metal adsorption systems.
The essential results and the conclusions obtained in
this work can be outlined as follows. Compared with
transition and noble metals, we notice that the wa-
ter adsorption on simple metal surfaces has a gen-
eral rule for the water—metal interaction. i) The atop
site adsorption is the most stable on all forms of wa-
ter, including monomers, clusters, and bilayers. Each
water molecule is laterally displaced from the precise
atop position by no more than 0.15 A in all stud-
ied models except for the trimer adsorption. ii) An
expanded OH bond and a more open ZHOH angle
are found in the water monomer adsorption on the
Be(0001) surface, and the structures of the adsorbed
water monomers lie nearly parallel to the surface. iii)
In the dimer and the bilayer adsorptions, the water—
surface interaction is localized mainly in the low-lying
water molecule. Among those adsorption configura-
tions, the dimer is most stable with a peak adsorp-
tion energy of ~ 437 meV, while the H-down bilayer
is extremely unstable, predicting that the H-down bi-
layer could not be adsorbed on the Be(0001) surface.
The PDOS analyses reveal that the interactions be-
tween the water monomer and the Be(0001) surface
are mainly contributed by electrons transferring from
the 3a;-like water molecular orbital to s and p, elec-
tronic states of the beryllium atoms. In previous
reports,1341] the 1b;-like orbital of the water molecule
is the preferred adsorption site for transition and no-
ble metals. Although the structural and the energetic
predictions of the water—simple metal interaction have
been discussed here without experimental references,
it is expected to be useful for instructing further theo-
retical and experimental research on water adsorption
on the Be(0001) surface.
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