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We have examined water desorption from Pt(111) terraces of varying width and its dependence on precoverage by deuterium (D)
with temperature programmed desorption studies. We observe distinct water desorption from (100) steps and (111) terraces, with
steps providing adsorption sites with a higher binding energy than terraces. Preadsorption of D at the steps causes annihilation
of water stabilization at the steps, while it also causes an initial stabilization of water on the (111) terraces. When the (111)
terraces also become precovered with D, this water stabilization trend reverses on all surfaces. Destabilization continues for
stepped surfaces containing up to 8-atom wide (111) terraces with a (100) step type and these become hydrophobic, in contrast to
surfaces with a (110) step type and with the infinite (111) terrace. Our results illustrate how surface defects and a delicate balance
between intermolecular forces and the adsorption energy govern hydrophobic vs. hydrophilic behavior, and that the influence of
steps on the adsorption of water on nano-structured platinum surfaces has a very long-ranged character.

1 Introduction

The structure of water at interfaces and the associated hy-
drophilicity and hydrophobicity are important in fields such as
biology, astrophysics, chemistry, and physics1–13. In biology,
one could think of the folding of proteins2,3, or micelles4,5,
where hydrophilic and hydrophobic interactions play an im-
portant role. Water structures are also found in space, e.g.
on interstellar dust grains and comets. These water structures
play an important role in the formation of planets and stars6–8.
In the field of materials and surface science, self-assembled
monolayers are studied to design functional surfaces. The
characteristics of such surfaces can be fine tuned from very
hydrophilic to very hydrophobic by using different functional
groups9,10. Single-walled carbon nanotubes are used as model
systems to study interfacial properties of nanoconfined water.
Water can form a hydrogen-bonded network through the hy-
drophobic tubes11,12. A change in temperature can result in
a hydrophobic-hydrophilic transition13. The interaction be-
tween water and metal catalysts is also important in electro-
chemical systems such as low temperature fuel cells and other
aqueous electrochemical systems. In these systems, water and
other molecules interact with a metallic electrode material.

Three extensive reviews have summarized the interaction
and reaction of water and co-adsorbates with metal and metal
oxide surfaces14–16. These studies show that the interfa-
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cial water structure depends, amongst other variables, on the
metal identity and atomic structure, the surface temperature,
and pressure. On surfaces such as Cu(111), Ag(111), and
Au(111), water forms 3-D ice clusters, implying that these
surfaces are non-wetting. On other surfaces, such as Pt(111),
Pd(111), and Ru(0001), water initially forms a wetting layer.
The structure of this first layer determines whether or not a
second wetting layer is formed16. Even the unit cell structure
of the first layer varies with metal identity and atomic struc-
ture. On Pt(111), a hexagonal water structure is formed17,
whereas on Cu(110) interlinked pentamers have been ob-
served18. It is also well documented that depending on the
growth temperature, various multilayered structures can be
formed. A water monolayer dosed on a Pt(111) surface at
temperatures below 135 K, yields so-called amorphous solid
water (ASW)19. When water is dosed at a higher temperature,
or during a temperature ramp, crystalline ice (CI) structures
are formed17.

Single atomic steps at surfaces may also influence the struc-
ture of adsorbed water. Thürmer and Nie showed that cu-
bic ice (Ic) is grown in spirals created by screw dislocations
above substrate steps20. They also showed that in thin wa-
ter films, hexagonal ice (Ih) is favored, while in thicker films,
mostly Ic is formed. In the submonolayer regime, Morgen-
stern et al. showed, using scanning tunneling microscopy
(STM), that water adsorbs preferentially at the upper side of
steps at low coordination sites on Pt(111). For rectangular
(110) steps, short chains or clusters seemed to appear, whereas
for the square (100) steps, molecular chains are formed21. On
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Fig. 1: Schematic representation of a) 2.74 nm diameter Pt nanopar-
ticle, from 24, b) Pt(111), c) Pt(533), d) Pt(755), and e) Pt(977).

Ag(111), a 1-D amorphous structure is formed when water is
adsorbed at 70 K. A 2-D bilayer grows at the lower step edge,
on which a second layer nucleates heterogeneously22.

The steps and defects in the (111) facet are believed to be
catalytically active sites for many reactions 23. Water prefers
to bind at step edges and corners on catalyst nanoparticles
(grey atoms in figure 1a). This figure shows a schematic rep-
resentation of an fcc metal catalyst particle with square (100)
and hexagonal (111) facets 24. The terrace length and amount
of defects depend on the diameter of the nanoparticle. The
presence of the various surface structures makes it difficult to
study fundamental reaction steps on nanoparticles. To gain
more insight in the catalytic activity at platinum surfaces, Pt
single crystals have been studied. The (111) facet is modeled
by a Pt(111) surface (figure 1b). The effect of defect sites can
be modeled by the use of stepped single crystal surfaces, e.g.
using variable terrace lengths (figure 1c-e).

Platinum is a good catalyst for many electrochemical re-
actions, where the interaction of water with the Pt surface as
well as with other species is relevant. The interaction of wa-
ter with Pt(111) is well studied and shows considerable com-

plexity 17,19,21,25–36. Fewer experimental studies have inves-
tigated the interaction of water with platinum surfaces with
defects that are naturally present on the surface 21, or regu-
larly stepped surfaces37–39. In systems such as the hydrogen-
oxygen fuel cell other species, e.g. adsorbed hydrogen or oxy-
gen atoms and hydroxyl groups, are also present. Therefore,
co-adsorption studies including water at different platinum
surfaces are highly relevant and may serve as model systems.
D2O on a Pt(111) surface is slightly stabilized in the presence
of a small amount of deuterium40. For higher D-precoverage,
it is approximately as stable as on the bare Pt(111) surface.
Both bare Pt(111) and D/Pt(111) are hydrophilic, i.e. water
wets the surface prior to forming multilayered structures. We
have shown previously that pre-deuteration of surfaces with
(100) and (110) steps separating short 4-atom wide (111) ter-
races has very different effects, depending on the step geom-
etry. On both surfaces, the step-related stabilization of water
disappears when a small amount of D is precovering the sur-
faces. The pre-deuterated surface with (110) steps is still hy-
drophilic. Conversely, the pre-deuterated surface with (100)
steps is hydrophobic. Water forms ASW clusters near step
sites on D/Pt(533)41.

Here, we expand upon our elucidation of the water struc-
tures in contact with bare and pre-deuterated stepped Pt sur-
faces with (100) steps and (111) terraces (Pt[n(111)× (100)]).
The terrace width (n) varies form 4 (Pt(533), figure 1c),
to 6 (Pt(755), figure 1d), to 8 atoms (Pt(977), figure 1e).
This reflects relevant nanoparticle systems with a diameter
up to ∼ 7 nm. We compare the results of the stepped sur-
faces to the flat Pt(111) surface. We use temperature pro-
grammed desorption (TPD) in combination with isotopic la-
beling, to investigate the role of terrace width in the hydropho-
bicity/hydrophilicity and the exchange between Dad and H2O.
Significantly, our results show a strongly long-range influence
of step sites on the adsorption of water layers on clean and D-
covered platinum surfaces, showing that the perturbative effect
that defects may have on water-covered Pt surfaces extends
well beyond the immediate vicinity of the defect.

2 Experimental

Experiments were performed in an ultra-high vacuum (UHV)
apparatus containing LEED/Auger Electron Spectroscopy
(LK Technologies, RVL 2000/8/R), a quadrupole mass spec-
trometer (QMS, Pfeiffer QME 200), and various leak valves.
The base pressure of the system was 2×10−10 mbar during
experiments. The Pt crystals (cut and polished < 0.1 ◦, Surface
Preparation Laboratory, Zaandam, The Netherlands) were
cleaned by repeated cycles of Ar+ bombardment (Messer, 5.0;
20 µA, 10 min), annealing between 850 and 1000 K in an oxy-
gen atmosphere (Messer, 5.0; 2×10−8 mbar), and annealing
at 1200 K. The crystal temperature can be controlled between
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84 and 1200 K with the use of liquid nitrogen for cooling
and radiative heating combined with electron bombardment
for heating.

Water from a Millipore Milli-Q gradient A10 system
(18.2 MΩ resistance) was deaerated in a glass container by
multiple freeze-pump-thaw cycles and kept at a total pressure
of 2.0 bar helium (Air Products, BIP Plus). A water bath
(∼ 30 ◦C) was used to keep the vapor pressure of the water
in the glass container constant. The container was connected
to a home-built glass capillary-array doser located ∼ 1.5 cm
from the sample. Water was dosed directly on the surface at Ts
≤ 110 K at a rate of ∼ 0.009 ML s−1 by measuring the pres-
sure rise due to the co-dosed helium.

To minimize hydrogen contamination from background ad-
sorption, all filaments were switched off during D2 dos-
ing (Lindegas, 2.8; background dosing, 2×10−7 mbar while
cooling down the sample from 500 to 100 K (∼ 5 min)). This
produced a full monolayer of Dad. To vary the amount of deu-
terium on the surface, we first create a full monolayer of Dad,
then we remove a part from the surface by ramping the crys-
tal to a set temperature with 1 K s−1 and subsequently cooling
the crystal to 100 K before measuring TPD spectrum. All re-
ported pressures are uncorrected for ion gauge sensitivity.

For the co-adsorption experiments, deuterium was adsorbed
first. After the pressure in the system had reached the base
pressure, water was dosed on top of the (partly) deuterated
surface.

For TPD spectroscopy the heating rate was 1 K s−1. During
heating m/e = 2 (H2), 3 (HD), 4 (D2), 18 (H2O), 19 (HOD),
and 20 (D2O) were monitored with the QMS. We have verified
that cracking in the QMS ionizer of HOD and D2O yields no
significant contribution to the signal at m/e = 18 at the low
signal intensities in experiments for m/e = 19 and 20. There-
fore, the signal at m/e = 18 results only from H2O within
experimental error. Similarly, the signal at m/e = 19 results
only from HOD and the signal at m/e = 20 only from D2O.
Experiments where only water is dosed onto the crystal show
that there is no significant amount of m/e = 20 desorbing
from the surface (either from H18

2 O or D2O). Therefore, we
do believe that in our experiments with co-adsorption of D2
and H2O, m/e = 20 results from D2O desorption and not
from H18

2 O. For data analysis m/e = 2 was not taken into
account, since the signal is negligibly small and mainly due to
D+ and not H2

+. Initially, m/e = 28 (CO) and 32 (O2) were
monitored as well, but no desorption was detected. All H2O
and D2 coverages are calculated from the integrated TPD peak
areas. Following Grecea et al.38, we define 1 monolayer (ML)
of water as the largest combined integral for the two high tem-
perature peaks on each of the stepped Pt surfaces, or the inte-
gral of the single high temperature peak for Pt(111). We are
not aware of an unambiguous means to determine the integral
for 1 ML HOD desorbing from the surface. Therefore, we

have used the integral for 1 ML H2O (desorbing from bare Pt)
as a reference in quantifying the amounts of H2O and HOD.
We assume that the cracking ratio in the QMS and channeltron
amplification are similar for both isotopes, because of the rel-
atively small difference in mass/charge ratio. We define 1 ML
of deuterium as the maximum integrated area of the spectrum,
without implying a Dad : Pt ratio of 1:1, as was shown for
the Pt(533) surface39. We have corrected the temperature of
the Pt(755), Pt(977), and Pt(111) surfaces by shifting the com-
plete temperature range by at most 3.3 K. We have done this
in order to align the onset of the second water layer desorption
to that of Pt(533). This may be expected to be the same for
every crystal independent of its structure or type of metal16,
although we acknowledge that kinetic factors may play a role
leading to differences between the various step widths. Here,
we expect that small changes in the temperature readout of
the different crystals are caused by differences in the attach-
ment of the thermocouple wires to the various crystals. We
therefore believe that the temperature shift is reasonable and
necessary.

The H2O TPD spectra show an almost stepwise increase in
their baseline. This is due to the high vacuum time constant
of water in our UHV system. A reasonable approximation for
the baseline is given by:

y = y0 +
1
2

∆y∗
(

tanh
(

T −T0

∆T

)
+1

)
(1)

where ∆y is the total increase in the height of the baseline,
T0 is the center of the S-curve, typically slightly before the
peak maximum, and ∆T is an arbitrary parameter to smooth
out the tanh. Note that the value of ∆T does not matter for the
total obtained integral, though it may affect the relative inten-
sities of smaller peaks at lower temperatures. We have verified
that this baseline correction procedure does not influence the
leading edges of our TPD data if ∆T and T0 are kept constant.
An example of the raw data and the background correction of
water desorption from Pt(553) was shown in a previous arti-
cle42.

3 Results and Discussion

3.1 H2O desorption from Pt(111), Pt(533), Pt(755), and
Pt(977)

Figure 2 shows the H2O desorption spectra from the four sur-
faces as well as the deconvolution into two or three Gaussian
line shapes. Although the fits are not perfect, they give a good
approximation for the integrated peak areas. On Pt(111) (fig-
ure 2a), the water desorption spectrum shows two peaks lo-
cated at 168 K and 152 K. For low water dosage, only the
high temperature peak is observed and it shifts from around
163 K to 168 K with increasing water coverage. These results

1–9 | 3

Page 3 of 9 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Fig. 2: Deconvolution of the H2O desorption spectra from bare sur-
faces into a) two Gaussians for Pt(111), and into three Gaussians for
b) Pt(533), c) Pt(755), and d) Pt(977).

are very similar to the results that Daschbach et al. reported
for sub-monolayer water desorption from Pt(111)19. They
used a heating rate of 0.6 K s−1 and dosed water at 100 K.
Their water desorption peak shifts from ∼ 158 K for very low
water coverage to ∼ 168 K for 1 ML of water. When more
than 1 ML of water is dosed, a second lower-temperature peak
appears that shifts from approximately 148 K to 158 K with
increasing water coverage (not shown). Since Daschbach et
al. did not report a second peak, we compare these results
to results from Haq et al.17. They dosed water at a slightly
higher temperature of 137 K, in order to obtain a CI film on
the Pt(111) surface, and used a heating rate of 0.65 K s−1.
They also observed a peak shifting from ∼ 160 K to 168 K
with increasing water dosage corresponding to submonolayer
water desorption from Pt(111). In their work, with more than
1 ML dosed onto the surface, a low temperature peak appears
that shifts from ∼ 148 K to 152 K for 1.7 ML of water. This
low temperature peak was assigned to water desorption from
the second layer. Since our results are very similar to these
literature results, we also assign the high temperature peak
(around 168 K) to water desorption from the bare Pt(111) and
the low temperature peak (around 152 K) to water desorption
from water in the second layer.

For Pt(533) (figure 2b), the water desorption spectrum is
deconvoluted into three Gaussian line shapes. We have re-
ported the results of water desorption from bare Pt(533) in an
earlier publication43 and for completeness’ sake we summa-
rize the main findings here briefly. For water coverages below
0.25 ML, there is a peak around 184 K that shifts to 188 K
with increasing coverage. For coverages higher than 0.25 ML,

this peak does not shift anymore until saturation of this peak.
A second intermediate temperature peak (around 167 K) ap-
pears prior to saturation of the high temperature peak. When
both the high and intermediate temperature peaks are satu-
rated, a third low temperature peak appears around 150 K
shifting to higher temperatures with increasing water dosage.
We assigned the peak at 188 K to water desorption from the
(100) steps on the Pt(533) surface, the peak at 167 K to wa-
ter desorption from (111) terrace sites on this surface, and the
peak around 150 K to desorption from the second water layer.
The water desorption spectra from both Pt(755) (figure 2c) and
Pt(977) (figure 2d) also show three peaks, located at 188 K,
167 K, and around 150 K. Figure 3b collects the TPD spec-
tra in one figure and clearly shows that the desorption peak of
water in the second layer, the desorption peak of water from
(111) terraces, and the desorption peak of water from the (100)
steps show perfect correspondence for all three stepped sur-
faces. The two low temperature peaks of the stepped surfaces
also align with the peaks from Pt(111) corresponding to water
desorption from the monolayer and second layer. The amount
of water desorption from steps decreases with decreasing step
density from Pt(533) to Pt(755) to Pt(977) and eventually dis-
appears for Pt(111), whereas the amount of water desorption
from (111) sites increases. Since the peak temperatures of
the spectra of Pt(755) and Pt(977) are very similar to those of
Pt(533) (and Pt(111)), we assign the low temperature peaks
(around 150 K) in figure 2c (Pt(755)) and figure 2d (Pt(977))
to desorption of water in the second layer, the peaks at 167 K
to water desorption from the (111) terraces, and the peaks at
188 K to water desorption from the (100) steps on Pt(755) and
Pt(977).

It is informative to analyze the Gaussian line shapes for the
water desorption peaks from (111) terraces and from (100)
steps (figure 2). Table 1 compares the ratio between the in-
tegral of the (100) step site peaks to the (111) terrace site
peaks to the step density for the three stepped Pt surfaces.
Pt(533) has a step density of 0.109 Å−1. For instance, the
ratio between the step peak and the terrace peak is 1.16 for
this surface. Even though we describe Pt(533) as a surface
of 4 atom wide (111) terraces, separated by (100) steps, the
presence of steps seems to have a larger influence on the sta-
bilization of water as would be expected from pure geomet-
rical considerations. DFT (density functional theory)38 and
STM21 studies have suggested that water molecules desorb-
ing in the high temperature peak, may originate from both the
upper and lower sides of the (100) steps and maybe also at
least in part from the (111) terraces close to the steps. For
Pt(755), with a step density of 0.072 Å−1, the ratio between
step stabilized water and terrace stabilized water is 0.86, and
for Pt(977), with a step density of 0.054 Å−1, this ratio is
0.21. The relative amounts of step- vs. terrace-bound water
exhibit non-intuitive and non-linear changes with step density
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Table 1: Terrace width, step density, water desorption from steps to terrace ratio, and peak width FWHM for Pt(111), Pt(977),
Pt(755), and Pt(533)
Surface Terrace width Step density INT(step)/INT(ter) Terrace peak FWHM Step peak FWHM
Pt(111) infinity - - 5.6 K -
Pt(977) 8 0.054 Å−1 0.21 11.2 K 14.6 K
Pt(755) 6 0.072 Å−1 0.86 12.6 K 14.9 K
Pt(533) 4 0.109 Å−1 1.16 20.8 K 11.6 K

and terrace width. The ratio between the step stabilized wa-
ter vs. the terrace stabilized water decreases faster with in-
creasing terrace width than expected from the geometry of the
surfaces. This indicates that the binding of water near steps
seems to influence water at terraces more when the terraces
are shorter. It appears that this is mirrored by the width of the
intermediate temperature peak corresponding to water desorb-
ing from (111) terraces. On Pt(111), this peak is rather sharp
with a full width at half maximum (FWHM) of 5.6 K. The
peak becomes broader as the terrace width decreases from 8
atom wide terraces (FWHM of 11.2 K for Pt(977)) to 6 atom
wide terraces (FWHM of 12.6 K for Pt(755)) to 4 atom wide
terraces (FWHM of 20.8 K for Pt(533)). At the same time,
the (100) step peak width increases from 11.6 K on Pt(533)
to 14.9 K on Pt(755). The peak of water desorption from the
(100) steps on the Pt(977) surface is relatively small, which
causes the slightly more narrow peak width (14.6 K) com-
pared to the step peak width of the Pt(755) surface. Never-
theless, the variation in the peak width corresponding to water
desorption from steps appears less than in the peak width vari-
ation for water desorbing from the terraces. The sharpness of
the TPD peak is a measure of the lateral interactions between
the species desorbing in the peak, a narrower peak signifying
more strongly attractive interactions44. On a Pt(111) surface,
water forms a highly ordered 2-D network characterized by
strong hydrogen bonding interactions. Introducing steps into
the surface, breaks this 2-D order, weakening the overall in-
fluence of lateral hydrogen bonding. On a relatively narrow
terrace such as on Pt(533), this much reduced 2-D hydrogen
bonding network leads to a broad peak. The more moderate
variation in peak width from step desorption suggests a more
1-D type nature of the lateral interactions on the steps. This
interpretation in consistent with STM imaging of low water
coverages on Pt(111), where H2O binds initially along step
edges only21.

Summarizing, steps influence the binding of water to well-
defined platinum surfaces in a way that is long-ranged and that
cannot be considered as an additive perturbation to the terrace
adsorption of water. Steps break the ability of terrace-bound
water to hydrogen bond, and the number of water molecules
whose binding energy is influenced by the presence of steps is
a non-linear function of step density.

Fig. 3: Comparison of H2O TPD spectra from a) D-covered, and
b) bare Pt(111) (black), Pt(533) (blue), Pt(755) (red), and Pt(977)
(green).

3.2 H2O desorption from D pre-covered Pt(111),
Pt(533), Pt(755), and Pt(977)

Figure 3 shows a comparison between water TPD spectra
from (a) completely D-precovered and from (b) bare Pt(111),
Pt(533), Pt(755), and Pt(977). Pt(111) shows two water de-
sorption peaks for both the bare surface and the D-precovered
surface. The low temperature peak depends on the amount of
water in the second layer that is dosed on the (D-precovered)
surface and will therefore not be discussed in detail. The high
temperature peak is located at a slightly higher temperature for
the completely D-precovered Pt(111) surface (171 K) com-
pared to the bare Pt(111) surface (168 K). This stabilization
of water on D-precovered Pt(111) has been noted before by
Petrik and Kimmel40, who observed a high temperature peak
for D2O desorption located at 170 K. For small amounts of
predosed deuterium, their peak was stabilized up to a temper-
ature of 175 K. When more deuterium precovers the surface,
this stabilization decreased to a peak temperature of 171 K for
the completely D-precovered Pt(111) surface. Note that this
desorption temperature indicates that water is still more sta-
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ble on the completely D-precovered surface than on the bare
Pt(111) surface. Our water desorption peak temperatures are
somewhat different compared to those of Petrik and Kimmel,
but the trends are the same. Our bare Pt(111) surface shows
a water desorption temperature of 168 K. When half of this
surface is precovered with D (figure 4a), the desorption tem-
perature increases to 172 K. When the surface is completely
precovered with D, the temperature decreases to 171 K, but
it is still more stable than on bare Pt(111). Apparently water
can still form a stable 2D hydrogen-bonded network on the
D/Pt(111) surface and it is slightly more stable than on the
bare Pt(111) surface.

Whereas water desorption from bare Pt surfaces with (100)
steps show three peaks for the water desorption, i.e. at 188 K
(steps), 167 K (terraces), and around 150 K (second and multi-
layer), the completely D-precovered surfaces only exhibit one
peak corresponding to the multilayer water desorption regime
for all three stepped surfaces. Even Pt(977), with eight atom
wide (111) terraces, shows only a single desorption feature
for water when the surface is completely precovered with D.
The water destabilization on D/Pt(533) has been described
in an earlier publication43 and has also been compared to
D/Pt(553)41. Close to deuterium saturation of the Pt(533) sur-
face, water forms 3-D ASW clusters near step sites. These
ASW clusters are large enough to show a deflection in the
TPD spectra at a temperature of around 157 K, which is char-
acteristic of ASW transformation into CI43,45. This implies
that H2O no longer spreads over the surface to form a hexag-
onal structure with hydrogen bonds, suggesting the hydropho-
bic character of D/Pt(533). The step-bound D also disrupts
the tendency of water to organize itself neatly in 1-D chains
along the upper edge of the (100) step. Initial adsorption of
H2O forms D-H2O clusters, which can be subsequently hy-
drated by additional H2O. Broadening the 4 atom wide (111)
terraces of Pt(533) to the 6 or 8 atom wide (111) terraces of
Pt(755) and Pt(977), still results in a completely hydrophobic
surface when fully precovered with D. These surfaces exhibit
a single water desorption peak in the second water layer de-
sorption regime, with the deflection of ASW crystallization
into CI around 157 K. Since D/Pt(111) and D/Pt(977) show
very different water adsorption properties, it seems that the
(100) steps have a very strong and long-ranged influence on
the surface hydrophobicity, particularly when the surface is
precovered with D. On the bare surfaces, the influence of the
(100) steps is less pronounced for broader terraces (figure 2
and 3b), with the broadness of the peak suggesting that wa-
ter forms a more extensive hydrogen bonded network on the
broader (111) terraces. However, on the D-precovered sur-
faces with (100) steps, the terrace width has essentially no im-
pact on the water desorption, at least not for the terrace widths
considered here. Apparently the step-bound D forces water to
form 3-D ASW clusters near step sites largely independent of

Fig. 4: H2O TPD spectra for various pre-coverages of D on a)
Pt(111), and b) Pt(755). Consecutive D-coverages for Pt(111) are 0,
0.20, 0.47, 0.97, and 1.0 ML. Consecutive D-coverages for Pt(755)
are 0, 0.06, 0.17, 0.33, 0.54, 0.71, 0.84, and 1.0 ML.

the width of the neighboring terraces. The stable water layer
that adsorbs on the D-covered Pt(111) surface is completely
absent on the stepped surfaces, even on Pt(977). This illus-
trates the highly long-ranged effect that steps may exert on
water adsorption, even on well-ordered Pt surfaces.

To illustrate the role of the coverage by D, figure 4 com-
piles water desorption spectra from Pt(111) (a) and Pt(755)
(b) for various amounts of D pre-coverage. When D pre-
covers a Pt(111) surface, the H2O monolayer is first stabi-
lized, but for higher D-precoverage the temperature shifts back
to a temperature that is just slightly higher than water de-
sorption from the bare surface, as was discussed above. For
the stepped Pt(533) (not shown), Pt(755), and Pt(977) (not
shown) surfaces, the H2O stabilization near (100) step sites
rapidly disappears when small amounts of deuterium precover
the step sites. The water desorption from (111) terraces is
only observed for small amounts of D-precoverage on all
stepped surfaces. As on Pt(111), this desorption temperature
increases first when a small amount of D is present. In con-
trast to Pt(111), increasing the D coverage on the stepped sur-
faces destabilizes water adsorption on the (111) terraces very
rapidly, until the surfaces become completely hydrophobic as
manifested by water adsorbing as ASW near step sites.

Figure 5a plots the shift in maximum desorption temper-
ature for water desorption from the (111) facets (the peak
around 167 K) of Pt(111), Pt(533), Pt(755), and Pt(977) as
a function of the deuterium coverage on the step sites (θDstep)
and on the terrace sites (θDterrace). There are three differ-
ent influences of the D coverage. First, when D is precover-
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Fig. 5: a) Maximum desorption temperature, and b) the percentage
of H-D exchange, as a function of D coverage on the (100) steps
and (111) terraces for Pt(111) (black circles), Pt(533) (blue squares),
Pt(755) (red diamonds), and Pt(977) (green triangles). Lines are only
a guide for the eye.

ing the (100) step sites, H2O stabilization near step sites (the
peak around 188 K) rapidly disappears. The second effect is
that water on the (111) terraces (the peak around 167 K) is
stabilized when D is precovering the step sites, which was
also observed on Pt(111), where the desorption temperature
increases first when a small amount of D is precovering the
surface. On all stepped surfaces, the desorption temperature
of the H2O peak has a maximum when the steps are precov-
ered with D. The third influence of D is that when D starts to
precover the (111) terrace sites, on the stepped surfaces this
leads to a destabilization of water on the (111) terraces. The
desorption temperature drops to the value where the second
water layer desorption takes place. This means that all stepped
surfaces become hydrophobic when the whole surface is pre-
covered with D, whereas on D precovered Pt(111), the water
is stabilized, as clearly illustrated in figure 5a.

Figure 5b shows the percentage of H-D exchange between
H2O and deuterium as a function of θDstep and θDterrace.
This percentage is determined by taking the integral of the
HOD (one H-D exchange) and two times the D2O (two H-D
exchanges) signal divided by the integral of the total water de-
sorption (combined H2O, HOD, and D2O signal). All three
stepped surfaces show a maximum H-D exchange when ap-
proximately 0.4 ML of deuterium precovers the terraces. This
does not appear to depend on the actual terrace width, but
only on the percentage that is covering the terraces. Again,
Pt(111) shows completely different behavior. For this surface,
the amount of exchange always increases with increasing D

coverage. It seems that the (100) steps catalyze the exchange
reaction between H and D atoms from H2O and D2, since the
amount of exchange on all stepped surfaces is higher than on
the Pt(111) surface. However, for a D-precoverage higher than
around 0.4 ML, the amount of exchange on the stepped sur-
faces starts to decrease. When more than around 0.8 ML of D
is precovering the stepped surfaces, the total amount of H-D
exchange is smaller than the H-D exchange on Pt(111). This is
in agreement with the idea that when the (111) terraces of the
stepped surfaces are precovered with D, the stepped surface
becomes hydrophobic, forcing water into ASW snowballs on
the steps. As a result, a smaller fraction of the adsorbed wa-
ter is in direct contact with D/Pt(S), resulting in a lower H-D
exchange. We believe that the exchange between D and H2O
takes place through the formation of a hydronium intermedi-
ate, which have been observed on Pt(111) 46 and Pt(100) 47

by infrared spectroscopy.

4 Conclusion

In this paper, we have shown that truncating an infinite (111)-
type terrace by the introduction of steps, may affect the surface
chemistry and surface physics of water in a way that does not
scale linearly with terrace width or step density. Strong lateral
interactions and step-induced preferences in adsorption or ori-
entation affect binding of water at terrace sites even if they
seem significantly remote from the step edge. Introduction
of steps significantly perturbs the energetics of water order-
ing on (111) terraces, as evidenced by broadening of the water
desorption peak from (111) terraces. Interestingly, the width
of the peak corresponding to water desorption from steps is
much less influenced by terrace width, testifying to the 1-D
character of water interactions at steps. In the presence of D
on the stepped Pt surfaces with (100) steps, a high D coverage
makes all water accumulate at the step sites, largely indepen-
dent of terrace width. These remarkable observations illustrate
the highly subtle interactions between H2O, D and Pt, show-
ing that a stepped or defected surface in contact with water
is far from a linear combination of terrace and step/defect ef-
fects. Steps exert a long-ranged effect on the adsorption of
water on well-defined platinum surfaces; in the presence of
hydrogen or deuterium, this even leads to an adsorption behav-
ior that is completely dominated by steps, even for relatively
wide terraces. We believe that these results may have im-
portant implications for catalytic reactions taking place at the
platinum-water interface, as we expect that the fundamental
interactions responsible for this behavior will still be present
at higher pressures and temperature.
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