
VOLUME 77, NUMBER 4 P H Y S I C A L R E V I E W L E T T E R S 22 JULY 1996

rmany

ing
on
t, the

cked
of
Anisotropy in the Adsorption of H 2O at Low Coordination Sites on Pt(111)
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The H2O adsorption on Pt(111) at 140 K is investigated by temperature-variable scanning tunnel
microscopy. H2O adsorbs preferentially at the upper side of step edges. At these low coordinati
sites the adsorbates are bound stable as quasi-one-dimensional chains up to 160 K. In contras
desorption from the two-dimensional H2O islands on the terrace has already started at 145 K. The
occupancy of the sites at the upper side of step edges is different at the two types of dense pa
steps. This adsorption anisotropy is correlated with the different dipole moment of the two types
steps. [S0031-9007(96)00492-9]

PACS numbers: 68.45.Da, 81.10.Aj, 82.65.My
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The adsorption of H2O on metal surfaces was inten
sively studied in the past [1]. Different investigation
of the system H2OyPt(111) [2–6] show that water ad
sorbs via island formation [3,5]. The desorption pe
temperatures in thermal desorption spectroscopy (T
experiments were determined to be 165 and 175 K
the multilayer and the so-called bilayer, respectively [3,
First principle calculations of the interaction of single H2O
molecules with a Pt10 cluster have shown that the bindin
between Pt and H2O is mainly caused by the mixing of un
occupied Pt 5d states with the occupied lone pair orbita
of the H2O molecule. This results in an energy gain
about 0.5 eV. The adsorption site was found to be on
The reason is that the Pt charge density on top is low
which reduces the repulsive part of the interaction [7].

In this work we present the first scanning tunneli
microscopy (STM) study of water adsorption on a me
surface, which shows that H2O adsorbs preferentially a
the low coordination sites at the upper side of step edg
This appears to be the adsorption site of highest ther
stability. Surprisingly, the H2O occupancy of these site
is different for the two types of dense packed steps.

The experiments were performed in an UHV-STM a
paratus described elsewhere [8]. The background pres
was below1 3 10210 mbar. The sample was prepared
repeated cycles of Ar1 bombardment, oxygen exposur
and subsequent flashing to 1000±C. This procedure re-
sults in a clean, well-ordered surface as checked by
energy electron diffraction Auger electron spectrosco
and the STM. Water of milli-Q quality with an electrical
resistivity of 107 Vcm was used for the exposure. Ju
before water exposure the sample was flashed to 50±C
to desorb all adsorbates from the surface. The water
sorption has been performed by filling the chamber w
a H2O pressure of5 3 1029 1.1 3 1028 mbar and keep-
ing the sample temperature at 140 K. The gas inlet w
routinely checked by a mass spectrometer with autom
background subtraction. The only peak not related to H2O,
which has an intensity of more than 0.1% of the H2O peak,
wasM  28 with an intensity corresponding to somewh
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less than 1% of H2O. We assume that this is due to resid
al N2 solved in the water reservoir. However, N2 does not
adsorb on Pt(111) down to 80 K [9]. The H2O pressure
during the experiment was checked by a hot filament ga
located outside the line of sight of the sample only at
beginning and at the end of the exposure. The STM
has to be removed from the sample during water expo
to avoid shadowing effects, which were found to be re
vant if imaging and exposure were performed simulta
ously. Moreover, the tunneling voltage was switched
during the exposure to avoid possible field induced dis
ciation of the water molecules at the tip. After exposu
the pressure was reduced below2 3 10210 mbar within
2 5 min. The tunneling conditions were generally chos
to bejUj # 1 V andI # 0.3 nA. The presented image
were recorded in the differential mode giving rise to i
ages appearing as illuminated from the left. All imag
show the same crystallographic orientation within65±.

In order to study a possible effect of steps on
adsorption behavior of H2O, we pretreated the surfac
by ion bombardment at 760 K. This results in vacan
islands having a near to equilibrium shape [10].
indicated in Fig. 1(a) the hexagonal monolayer deep
lands have boundary steps in the close packedk110l direc-
tions. The three shorter and three longer steps are c
k110lyh100j and k110lyh111j steps, orA and B steps, re-
spectively. Both types of steps are not completely stra
indicating that a few kinks are frozen in at the step edg
Figure 1(a) shows the surface after a H2O exposure with
s3 6 1d 3 1014 moleculesycm2 [11] at 140 K. The STM
image, recorded also at 140 K, shows the resulting
submonolayer as an elevation [12]. The adsorbed H2O
appears to aggregate in two types of structures. At
lower side of the step edges two-dimensional patche
ice are found, while at the upper side of step edges
H2O molecules form quasi-one-dimensional chains (l
than 10 Å wide in the STM images). The H2O density in
the chains is different above the two different types of s
edges [13]. This can be seen in more detail in Fig. 1
The H2O exposure in Fig. 1(b) is twice that in Fig. 1(a
© 1996 The American Physical Society 703
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onal
FIG. 1. Adsorption of H2O on a Pt(111) surface: (a) H2O exposure with3 3 1014 moleculesycm2, p  8 3 1029 mbar,
T  140 K, 1830 Å 3 1830 Å, U  21 V, I  0.2 nA. (b) H2O exposure with6 3 1014 moleculesycm2, p  8 3 1029 mbar,
T  140 K, 1090 Å 3 1090 Å, U  21 V, I  0.2 nA. The orientation of the monatomic Pt steps bounding the hexag
vacancy islands as well as those crossing the image are labeled in (a) and (b), respectively.
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At the lower side of the step edges the ice growth in t
dimensions continues and it is evident that this grow
is not different at the two types of step edges. In co
trast, the width of the one-dimensional chains at the up
side of step edges is unchanged. Moreover, the H2O den-
sity above the two different types of steps stays differe
Above the shortk110lyh111j step H2O forms a quasicon-
tinuous chain, which occassionally widens on the up
terrace, while the chain at the upper side of thek110lyh111j
step consists of isolated segments separated by 20 to 8
The last type of step decoration can also be recognize
looking at the steps crossing Fig. 1(b), which both are
thek110lyh111j type. The distance of 20 to 80 Å betwee
isolated segments is of the order of the typical interk
distance found at the nearly straight steps after the stan
preparation cycle. This suggests that the decoration of
k110lyh111j step, in contrast to that of thek110lyh100j step,
is due rather to kink decoration than to real step decorat

As shown above, the adsorption of H2O on Pt(111)
at 140 K starts at the upper and the lower side of s
edges. Since the adsorption at the upper side of
edges is more surprising, we will discuss this adso
tion in more detail. To compare the binding energy
the H2O molecules adsorbed at the upper side of s
edges with binding energies at other sites, it is nec
sary to discuss the sticking coefficient and the activat
temperatures of different processes. The sticking coe
cient of H2O on the Pt(111) surface at 100 K is 0.7 a
coverage independent [14]. We can estimate the st
ing coefficient at 140 K from the apparent coverage
the STM images. The coverage in Fig. 1(a) after an
posure withD  s3 6 1d 3 1014 moleculesycm2 is Q 
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s5.5 6 1d%. Since an ice bilayer on the Pt(111) surfac
has a density of1.0 3 1015 moleculesycm2 [2], the stick-
ing coefficient iss  0.18 6 0.07. The sticking coeffi-
cient increases with coverage. For the experiment sho
in Fig. 1(b) the corresponding values areD  s6 6 2d 3

1014 moleculesycm2, Q  s20 6 1d%, and s  0.33 6

0.1. The fact that the sticking coefficient at 140 K i
lower than at 100 K and increases with coverage (in co
trast to 100 K) suggests that some molecules desorb f
the surfacebeforethey are incorporated into the ice laye
Indeed, we have checked that at 140 K size and sh
of the ice layer islands do not change on a time scale
25 min. This excludes, for this temperature, considera
detachment and desorption of H2O molecules from the
steps of the ice bilayer.

Both processes, detachment from the steps of the
bilayer and desorption, become observable at 145
Figure 2(a) shows an experiment where the Pt surface
first covered with a complete ice bilayer as checked
imaging at 120 K. Then the surface was heated to 145
After 6 min Fig. 2(a) was recorded. Partial desorptio
has taken place and irregular formed ice layer vacan
islands (e.g., I and Ib) appear. As can be seen in Fig. 2(b
the ice layer shows a corrugation due to a superstruc
[15], while the regions where H2O is desorbed is imaged
flat similar to the clean Pt(111) surface. In Fig. 2(a) t
step edges of the ice layer vacancy islands (I andb)
appear frizzy. This is in contrast to the step edges
the ice covered Pt vacancy islands (e.g., II). Frizzy ste
indicate motion of step edges [16]. The smaller ice lay
vacancy island (Ib) has a typical shape of an island, whic
moves as a whole during the scanning procedure. S
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FIG. 2. Desorption of H2O from a Pt(111) surface covere
with a full bilayer of H2O: (a) Bilayer prepared by H2O ex-
posure with4 3 1015 moleculesycm2, p  1.1 3 1028 mbar,
T  140 K, heated to 145 K and imaged after 6 min at th
temperature,2100 Å 3 2100 Å, U  21 V, I  0.2 nA; I
and Ib: vacancy island in the ice layer due to desorption,
fully ice covered Pt-vacancy island. (b) Bilayer prepared
in (a) but heated to 145 K for 15 min and imaged at 140
390 Å 3 390 Å, U  21 V, I  0.2 nA. (c) Bilayer pre-
pared as in (a) but heated to 160 K for 2 min and imaged
20 K, 1060 Å 3 1060 Å, U  21 V, I  0.2 nA.

shapes were demonstrated to result from the movem
of vacancy islands at speeds comparable to the im
scanning [see [17] for the case of Ag(111)]. We have th
observed two apparently different processes which sta
take place between 140 and 145 K. One is the desorp
of H2O molecules from the ice covered surface, the ot
is the change of shape and position of the vacancy isla
of the ice bilayer. It is reasonable to assume that aunique
atomic process is responsible for both: the detachm
of H2O from the edges of the ice bilayer. This wou
obviously explain the frizzy steps and the moving vacan
islands [17]. On the other hand, since isolated molecu
can desorb from the Pt surface even at 140 K, the H2O
molecules detached from the edges of the ice bilayer
easily desorb from the surface at 145 K. The detachm
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from edges of the ice bilayer is thus the rate limiting st
for desorption.

To desorb the complete bilayer from the Pt terraces,
sample must be heated for more than 20 min to 145
or for 2 min to 155 K. Such a desorption behavior
compatible with the TDS-bilayer peak between 170 a
180 K measured with a heating rate of 10 Kys [3,4]. In
contrast, the ice chain at the upper side of the step e
stays stable after these annealings and even after a 2
anneal to 160 K. This is demonstrated in Fig. 2(c). T
complete bilayer was removed except for the molecu
decorating the upper step edge.

We conclude: The H2O molecules adsorbed at th
upper side of step edges are bound thermally m
stable than the molecules incorporated in ice islands
the terrace. It is tempting to correlate the desorpt
from the chains to the TDS peak at 200 K, whic
was ascribed to water monomers in the IRAS study
Ogasawara, Yoshinobu, and Kawai [6]. However, t
high temperature peak reported in Ref. [6] correspond
about 10% of the bilayer. It seems unlikely that such
large amount of molecules would decorate the upper st
unless the step density has been exceedingly high in
reported experiments.

The preferential adsorption at the upper side of s
edges has previously been observed for Xe adsorption
the Pt(111) surface [18]. One might be surprised t
H2O behaves similarly. On the other hand, calculatio
by Müller [7,19] have shown that the binding mechanism
for H2O and Xe on Pt(111) are comparable. Both syste
have a full sp shell and the attractive interaction wit
the metal is due to the mixing of these closed sh
states with unoccupied Pt 5d states. The unoccupie
states of the adsorbates lie far above the vacuum le
and their interaction with the occupied Pt states is
minor importance. Moreover, it was shown that the dipo
moment of the H2O molecule is not important in the H2O
metal interaction [20].

At the upper side of the Pt-step edges the charge d
sity is reduced due to the Smoluchowski effect. Th
oretical considerations show that this is correlated w
a d-electron charge transfer from the step atom to
surrounding atoms [21]. The resulting higher dens
of unoccupied Pt 5d states at the upper side of ste
edges explains that the H2O molecule and the Xe atom
will be more strongly bound at these sites. In additio
the lower charge density above the step edges redu
the repulsive part in the Pt-H2O interaction and allows
the H2O molecule to get closer to the Pt atom, leadi
to stronger bonding. This qualitative argument is su
ported by calculations of Müller, who found that the a
sorption energy increases by around 100 meV, when
H2O molecule is moved from the center of a Pt10 clus-
ter representing the (111) surface to the edges of
cluster [22].
705
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The different behavior of the two different steps ma
be understood in the same way. Besocke, Krahl-Urb
and Wagner [23] have found that the two different ste
have different dipole moments. The dipole moment of t
k110lyh100j step is 20% higher. Since the dipole mome
correlates with a reduced charge density above the
atom, it is understandable that the higher dipole mom
of thek110lyh100j step might give rise to a higher bindin
energy and a preferential occupation of sites at the up
side of this type of close packed step [24]. Of cour
such a qualitative argument has to be checked by deta
calculations.

In summary, we have shown that H2O on Pt(111)
adsorbs preferentially at the upper side of step edg
The adsorption density above thek110lyh100j step (A)
is higher than above thek110lyh100j step (B). This
adsorption behavior is consistent with a binding mod
which describes the interaction of the unoccupied Ptd
states with occupied H2O states as the main attractive pa
of the H2O binding energy.
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