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Abstract

Steps stabilise water adsorption on metal surfaces, providing favourable binding sites for water
during wetting or ice nucleation, but there is limited understanding of the local water arrangements
formed on such surfaces. Here we describe the structural evolution of water on the stepped Pt(211)
surface using thermal desorption, low energy electron diffraction and scanning tunnelling microscopy
(STM) to probe the water structure. At low coverage water forms linear structures comprising zigzag
chains along the step that are decorated by H-bonded rings every one or two units along the terrace.
Simple 2-coordinate H-bonded chains are not observed, indicating the Pt step binds too weakly to
compensate entirely for a low water H-bond coordination number. As the coverage increases water
chains assemble into a disordered (2 x 1) structure, likely made up of the same narrow water chains
along the steps with little or no H-bonding between adjacent structures. The chain structure
disappears as water adsorption saturates the surface to form an incommensurate, disordered
network of water rings of different size. Although the steps on Pt(211) clearly stabilise water
adsorption and direct growth, the surface does not support the simple 1D chains previously
proposed, or an ordered 2D network such as seen on other surfaces. We discuss reasons for this

and the factors that determine the behaviour of the first water layer on stepped metal surfaces.
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Introduction

Platinum is an effective redox catalyst for the formation of water in electrochemical fuel cells,
stimulating considerable interest in how it interacts with water, OH and other intermediate species -
2. As a result, a number of studies have investigated how water binds on the close packed Pt
surface, revealing details of how the film nucleates **, the complex mix of pentamer, hexamer and
heptamer rings that stabilises the first layer of water *® and how the structure of this layer influences
the growth and crystallisation of multilayer films *'?. The importance of surface steps as nucleation
sites was identified in the earliest STM studies, with water forming narrow ‘quasi-one-dimensional
chains’ less than 10 A wide on the top edge of Pt steps, with more extended 2D islands nucleating
on the lower terrace °. Steps were also found to stabilise water on other metal surfaces '*'® and this,
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along with the importance of low coordinate sites for practical catalysts , has spurred

experiments to examine how step sites influence water adsorption on Pt 2%

. The general
conclusion is that low coordinate metal steps enhance the binding energy of water and stabilise
adsorption, but there is less clarity about the precise structures formed on different surfaces or

indeed the amount of water present.

One common interpretation of the stabilising effect of steps is that water may be bound as a linear
1D chain along the step edges, and support for this idea comes from several sources. For example,
Grecca et al. ° found that the binding energy of water on Pt(533) decreased once the coverage was
sufficient to saturate the step sites, with further water adsorbing to saturate the surface layer having
a slightly lower binding energy %> ??. The increased binding energy at the step sites is reproduced by

DFT calculations 2% 2728

, suggesting that adsorption occurs via stabilisation of 1D chains above the
(100) steps, followed by weaker adsorption on the narrow (111) terraces to complete the water layer
2 _Vibrational sum-frequency generation experiments suggest water adopts an H-down arrangement
in 1D water chains at low coverage and that this orientation persists as water forms a more
extended network at higher coverage #. On Pt(211), where the (111) terraces are slightly narrower,
surface X-ray diffraction and near edge X-ray adsorption fine structure (NEXAFS) measurements
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find two distinct O sites above the step Pt atoms , supporting the idea that water is stabilised by

formation of 1D zigzag water chains, as suggested by calculations 2723 323

Despite the general conclusion that steps stabilise water, direct experimental evidence of the local
water binding geometry adopted on Pt steps is limited. Moreover, calculations suggest that simple
1D chains at the step edge are not thermodynamically stable, since addition of further water to these
chains to form ring structures increases the average water binding energy on Pt(533) ?®. A recent
STM study reported double stranded water rings were formed on Pt(553) in preference to 2-
coordinate chains ?°, even though these (111) steps are expected to bind water more tightly than
(100) steps *. Linear 2-coordinate water chains have been observed on other surfaces by STM, with

water forming flat zigzag chains that saturate Ni(110) at a coverage of just 0.5 water/Ni *’. Chain
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formation is driven by the strong Ni-water bond, which mitigates the low water H-bond coordination
number in the chains, and by the short Ni surface lattice repeat, which hinders formation of ring
structures. Despite the stabilisation provided by adsorption at step sites on P4, it is not clear if the
binding energy at steps is sufficient to overcome the reduced H-bond coordination and stabilise
simple 1D water chains on Pt(211) *>*' it may instead be preferable to incorporate these adsorption
sites into a 2D water network, gaining the benefit of both a higher H-bond coordination and the
stable Pt step sites. On Cu(511) wetting is driven by the presence of both strongly binding step sites
and more weakly adsorbing terrace sites, water forming 2D commensurate structures, including a
hexagonal structure with the mixture of buckled H-up and H-down orientations required to sustain
ice growth 3 In the case of Pt(211), which has a higher binding energy for water and larger step
spacing than Cu(511), it is not yet clear how steps influence water nucleation or the nature of any

extended 2D wetting layer.

In this study we re-examine water adsorption on Pt(211) using temperature programmed desorption
(TPD), low energy electron diffraction (LEED) and scanning tunnelling microscopy (STM) to examine
the structures formed. We do not find the simple 1D chains commonly anticipated, instead we find
that water forms chains with a double period along the step that are H-bonded into water rings on
the adjacent terrace. These structures show some disorder along the terrace, but frequently form
regular chains of rings, probably in the form of isolated or linked hexagons. Further water adsorption
saturates the steps with water, forming a disordered (2 x 1) structure, with strong ordering along the
steps but disorder between adjacent steps, indicating any H-bond linkage between adjacent chains
is weak. Increasing the water coverage to saturate the first layer replaces the chains along the steps
with a disordered 2D H-bond network containing rings of different size. Although the propensity for
water to adsorb atop the steps as zigzag chains is clear, the Pt-water step interaction is not
sufficiently strong that this dominates adsorption sufficiently to force water into simple 2-coordinate

chains.

Experimental methods

The Pt(211) sample was prepared in an ultra-high vacuum environment (P < 1 x 10™'° mbar) by
repeated cycles of Ar’ ion sputtering followed by annealing to 1000 K to re-order the Pt surface.
Oxygen treatment was also used during the initial cleaning period to remove any carbon build up on
the surface. The resulting surface showed a sharp LEED pattern, with STM imaging the steps as
regular high contrast lines spaced 6.8 A apart across the (211) terraces. Experiments were carried
out in two separate UHV systems. The STM comprised a preparation chamber and dewar type SPM
system (Createc), operated at 80 K during imaging “°. The step direction was determined from the
location of added Pt rows at the edge of the (211) terraces. Water (99.9 atom percent D,O) was
degassed by repeated vacuum distillation and deposited directly onto the surface, held at 80 to 140

K, using an effusive (300 K) directional doser, then annealed to different temperatures to allow it to
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order prior to imaging. STM images were recorded in constant current mode at 80 K with an
electrochemically etched tungsten tip. No significant differences in water arrangement were found
for deposition or anneal temperatures between 120 and 160 K, where multilayer water can freely

desorb, indicating the structures reported here are thermodynamically stable.

Low energy electron diffraction (LEED) and thermal desorption spectroscopy (TDS) was carried out
in a second system. The sample was mounted directly to a cryostat via two Ta wires that are used
for heating, allowing the surface to be heated at controlled rates up 20 Ks™'. Water was deposited
directly into the front surface using a collimated effusive (300 K) molecular beam and sticking or
desorption detected using a quadrupole mass spectrometer. Immediately prior to these experiments,
the flux of the molecular beam was calibrated against the dose required to complete the hexagonal
water structure formed on Cu(511) *®8, which has a water coverage of 1.18 x 10'® water cm™ , very
close to that of an ice 1,(0001) layer, and is here referred to as a dose of one monolayer (1 ML)
water. Since the sticking probability for water on all metal surfaces is close to unity at 80 K *!, we
expect this calibration to provide a good estimate of the water coverage on Pt(211). LEED
measurement of surface ordering were made using a dual-MCP amplified LEED system (OCI),
operated at <5 nA to minimize electron damage to water structures “2. We note that previous
experiments in the same two STM and TPD/LEED chambers have demonstrated consistent results
between the two chambers, finding new ordered water structures on Cu(511) ***° and Ni(110) *"*,
and reproducing the ordered structures found on SnPt(111) in both STM, LEED and He atom
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scattering alloy surfaces, without any evidence for formation of metastable phases, or any

differences between the two deposition chambers.

Results and discussion

Water adsorption on the Pt(211) surface resulted in the thermal desorption spectra shown in Fig. 1.
The spectra show two peaks, the first peak appearing near 190 K, associated with water stabilised
by the Pt surface, followed by a second peak near 150 K that continues to grow indefinitely as the
water dose is increased and is associated with multilayer water. As reported earlier ?°, we find no
evidence of a second surface peak intermediate between the surface peak and the multilayer peak,
which contrasts with surfaces where the steps are more separated that show an additional surface
peak ?°. Although we do find evidence that water dissociates during adsorption/desorption before the
surface is properly clean and well-ordered, reducing the size and shifting the desorption peak during
repeated exposure 2%, dissociation ceases once the surface is clean and well-ordered, so that
repeated TDS measurements are reproducible and depend only on the water coverage on the
surface, not the prior history of water deposition. This behaviour is similar to that found on Cu(110)
546 and suggests that water desorption out competes dissociation on clean, well-ordered Pt(211)

below 200 K, but can be mediated by defects or impurities when these are present.
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Fig. 1. Thermal desorption of water (D,O) from the Pt(211) surface, recorded at a heating rate of 1
K s”. The thermal desorption spectra show two peaks, a multilayer peak near 150 K and the
monolayer peak just below 200 K. The water coverage indicated in the legend on the right is that
obtained by calibration of the beam flux required to complete the 2D hexagonal water monolayer on
Cu(511), defined as 1 ML water here.

The surface stabilised peak shows a common leading edge as the coverage is increased from 0.2
up to 0.8 ML, similar to the pseudo-zero order desorption found for many other H-bonded water
layers *’, with an activation energy to desorption of 52.4+1 kJ mol”. This coverage range extends
beyond that where low dimensional structures, such as 1D chains, could be responsible for
adsorption to a point where water must be accommodated at sites other than the step alone, with no
apparent change in water binding energy. Only as the water coverage is increased towards 1.1 ML,
the coverage at which the surface peak saturates on Pt(211), does the leading edge of the
desorption curve shift slightly to lower temperature, indicating a reduced binding energy, with the
multilayer peak appearing above 1.1 ML water. Based on the desorption behaviour we conclude that
Pt(211) binds water in structures that stabilise up to 1.8 water per Pt step atom, before the layer
restructures to accommodate ca. 2.4 water per step atom at saturation with a slightly reduced

binding energy.

The lateral order of the water layer was examined using low energy electron diffraction, and showed
bright Pt integer order beams with additional fractional order diffraction beams that indicate the

presence of a partially ordered water layer (See Sl, Fig. S1). Annealing ca. 0.4 ML to 160 K, reveals
diffuse diffraction spots at the half order positions in the [01 1] direction, indicating limited two times

ordering along the close packed Pt steps. Further increasing the coverage to ca. 0.7 ML, caused the



diffraction spots at the half order positions to become increasingly faint and streaked in the [111]

direction, perpendicular to the steps, suggesting the order in the wetting layer has reduced. The
additional diffraction features disappear entirely at high coverage as water saturates the surface.
The LEED data suggests that we have order along the step direction on the Pt(211) surface with a
two-unit repeat at low or intermediate coverage, followed by increased disorder as the water layer
completes, conclusions that are mirrored in the STM images found for water on the Pt(211) surface,

described below.

Fig. 2. Large scale STM images of a low coverage of water on the Pt(211) surface after annealing to
150 K. The steps run parallel to [011] while [111] is the step-down direction. a) Image water

chains running parallel to the steps with water preferentially decorating the top edge of steps
between (211) terraces. b) shows water chains with a 4 Pt atom repeat along the step edge formed
on a flat (211) terrace. c) shows parallel water rows formed on adjacent steps at a higher water

coverage.

Figure 2 shows images of the Pt(211) surface after a small amount of water has been deposited and
the surface annealed to 150 K. The surface has large (211) terraces of regular single atom (100)
steps, separated by larger multi-atom steps that predominantly align along the close packed [011]

direction. Water collects preferentially above steps between (211) terraces, forming narrow, linear
structures along the upper step, with similar linear structures also appearing on the (211) terraces,

as shown in Fig. 2b. Line sections though the water chains are shown in the Sl, Fig. S2, where the
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propensity to decorate different step types between (211) terraces is discussed in more detail.
Although there are some larger clusters formed, the majority of water structures observed are less
than one terrace wide (<6.8 A) and may extend several hundred Angstrém along a single Pt step.
The water chains formed on Pt(211) terraces are aligned between two parallel steps and show no
obvious tendency to aggregate, or cross between adjacent steps, but as the coverage is increased

we start to observe some pairs of parallel water rows formed on adjacent steps, as shown in Fig. 2c.
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Fig. 3. Detail showing two types of water chain formed after annealing to 140 K, with a) showing a
repeat every 4 Pt atoms along the step and b) a 2 Pt repeat. ¢) Schematic illustrating structures
discussed in the text with (left to right) a zigzag water chain along the step with a 2 Pt repeat, a
chain with two hexagonal water rings on the terrace in a 4 Pt repeat and a complete chain of linked

hexagons with a 2 Pt repeat along the step.

Figure 3 shows the structure of the water chains on a (211) terrace in more detail. The chains image
as bright features every 5.4 A (a 2 Pt repeat) along the top of the Pt step, with additional structure on
the upper terrace that images slightly fainter, forming triangular features ca. 5 A wide. The terrace
structure is more variable than the features along the step edge, appearing as a bright feature either
every 4 Pt sites along the chain (Fig. 3a), or else every 2 Pt atoms to form a regular zigzag structure,
as shown in Fig. 3b. We did not find evidence of water chains without any additional structure on the
adjacent terrace, indicating that this water is an integral part of the structures formed and essential
to the structure’s stability. The double period of the bright features along the top of the Pt step is
consistent with that reported earlier for water on Pt(211) by SXRD and EXAFS, and ascribed to

linear 2-coordinate water chains 30

in a single donor-single acceptor arrangement, illustrated
schematically on the left in Fig. 3c. In this model water forms a zigzag water chain atop the Pt step,
with alternate water molecules having one uncoordinated H atom that points out over the step, or

down towards the terrace, depending on the exact calculation #2% 333¢ This type of chain is
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consistent with only one of the water molecules appearing bright in STM, giving the double period

along the step.

The length of the repeat along the Pt step (5.4 A) and the width of the structures suggest an H-
bonded ring is formed on the zigzag chain, increasing the average water coordination number and

hence the overall binding energy. Calculations by Kolb et al. *®

suggest that decorating a zigzag
chain on the (100) step with attached rings of different size on either the upper or lower terrace helps
to stabilise water compared to the simple 2 coordinate chain. We do not see any evidence for
additional structure on the lower terrace in STM, but the large Pt step corrugation means we cannot
exclude the possibility of water decorating the sites immediately below the step, as was observed at
5 K on a Ni(111) step by AFM “®. Since we cannot determine the number of water molecules in the

rings from these STM images alone *°

, interpretation of the exact structure of the chains must
remain tentative. The most obvious possibility to explain the 2Pt zigzag repeat structure observed
along the Pt(211) terraces (Fig. 3b) is a face sharing hexagonal ring, flattened and elongated along
the step to match the Pt close packed repeat, as illustrated in Fig. 3c. In this case two waters are
bonded flat on the terrace and the ring is completed by a final water in a double acceptor
configuration, with one H pointing up to create the bright triangular feature seen on the terraces,
giving an average H-bond coordination number of 2.5. Calculations for a hexamer ring on a Pt(533)
step # indicate this will fit on a Pt(211) terrace, with O extending 3.7 A from the step, still 3.1 A from
the next Pt step on Pt(211). In contrast pentamer rings cannot link to form a zigzag 2 Pt repeat along
the step and larger rings would locate O too close to Pt in the next step (e.g. within 1.2 A for the
heptamer on Pt(533) %), forcing water out above the adjacent step edge in a manner that is not

observed in our STM images.

The water arrangement in the 4Pt repeat structure (Fig. 3a) is less constrained, although the rings
look similar to those of the 2Pt repeat in STM. The limited order present in the terrace structure,
which is considerably more difficult to image than an ordered 2D network on a stepped surface *°,
suggests disorder along the terrace may help relieve lateral strain created by the elongation of the
water chains along the step. Indeed the majority of the longer chains formed at low coverage have
the 4Pt period, suggesting the gaps between the attached rings (shown in Fig. 3a and centre of Fig.
3c) may help relieve strain along the step direction compared to a hexagonal linked ring structure
(Fig. 3b and right of Fig. 3c) at the expense of a lower H-bond coordination number. Although the
additional terrace structure in the 4Pt repeat (Fig. 3a) appears similar to that of the 2Pt chains, the
size of the attached ring less constrained and we cannot rule out a more complex chain structure.
For example, images of water at a Ni(111) step also found structures based around a zigzag chain
along the step *, but in this case the zigzag chain forms the edge of an alternating face sharing
pentamer - octamer chain on the upper terrace. Water chains on Pt(211) show a similar zigzag 2Pt

alternation along the step, but although this linear face sharing double pentamer — octamer chain
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has now been found in several water structures , it is too wide to fit on a single Pt(211)

terrace.

Fig. 4 a) STM image showing the extended structures formed after annealing at 160 K as the water
coverage is increased to completely cover the surface. Water forms rows of bright features along the
Pt steps with a 2 Pt atom repeat. b) Section of (a) showing how the phase of the bright features
changes between and along the steps, with one phase marked as green dots and the other blue. c)
STM image showing an example of the disordered water network formed as the layer saturates on
Pt(211) (ca. 1.1 ML) after excess water is desorbed at 160 K.

As the water coverage is increased the isolated water rows are replaced by the structure shown in
Fig. 4a, which covers the entire surface. This structure shows rows of bright features along the Pt
steps that mostly retain the double period seen for the low coverage chains, with defects and phase
changes along the rows. This is illustrated in Fig 4b where the phase of the prominent bright
features is coded green or blue to highlight the local two times period. Most chains show errors in
registry, or phase changes, while the rows of bright features show no obvious ordering from one
step to the next, apparently being randomly in or out of phase with each other. This structure
appears over a wide range of coverage, and is associated with the diffuse half order structure seen
in LEED. The absence of a clear registry between the water on neighbouring steps indicates there is
no well-defined H-bond linkage between the water rows on adjacent steps, suggesting that this
structure consists of the narrow chains similar to those seen at low coverage, packed together along

neighbouring Pt steps. STM measurements were not able to determine the arrangement of water on
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the intervening terraces as the images are dominated by the bright features above the step sites.
Increasing the water coverage to fully saturate the first layer results in the disappearance of the
regular rows as this structure is replaced by a disordered 2D network of water rings, shown in Fig.
4c. The water rings in this network sometimes form chains of rings along the step direction, but the
ring size is variable, with 2 and 3 atom periods observed locally and other sections show no
alignment to the steps. It is no longer possible to identify either the step spacing or any regular
period along the steps in STM images of the water network, consistent with the disappearance of the
additional LEED beams as the layer completes. It appears that saturation of the surface drives loss
of registry between water and Pt, incorporating more water into the first layer, close to the Pt, to form
a disordered 2D network of 3-coordinate water in preference to forming second layer water or

multilayer water clusters.

Although we are not able to image the terrace structure in the (2 x 1) phase, we can estimate the
likely water coverage from the arrangement found in isolated rows at low coverage. An array of
water chains along the Pt steps consisting of decorating (4 Pt period) or linked hexagonal rings, with
no additional water linking the neighbouring rows, would require a coverage of between 0.8 and 0.9
ML water. This picture is consistent with the TDS data that show no change in desorption kinetics
until above 0.8 ML coverage, Fig. 1, and a water binding energy that is unchanged from the isolated,
low coverage chains. If the (2 x 1) phase does contain additional water linking between structures on
adjacent steps, this does not increase the stability of the structure. Instead we find further water
adsorption above 0.8 ML drives formation of the incommensurate 2D structure (Fig. 4c) causing the
binding energy to drop and the TDS peak to shift. Along with the absence of any clear phase registry
between water on adjacent steps, it therefore seems likely the (2 x 1) structure is similar to the
isolated rows seen at low coverage and does not have a 2D H-bond network linking the chains
together. Although this structure has an H-bond coordination number less than 3, the binding energy
achieved by using all of the favoured Pt step adsorption sites evidently outweighs the reduced H-
bond coordination. The transition to form an incommensurate 2D network as water adsorption
saturates the surface (at 1.1 ML, Fig. 1) allows more water into close contact with the surface but
reduces the water binding energy, shifting the leading edge of the TDS slightly to lower temperature.
Loss of the stable water chains along the Pt steps in this structure is presumably offset in part by
completion of a 3 coordinate H-bond network, but the system does not support a stable adsorption

motif that would lead to a commensurate 2D structure.

The formation of linear water structures and lack of a commensurate 2D structure on Pt(211) is a
striking contrast with the formation of ordered 2D phases, not linear chains, on stepped Cu(511) and
it is interesting to explore why this should be. Even at low coverage, water on Cu(511) forms ordered
2D islands of interlocking 5, 6 and 8 member rings that bridge across the steps *°. This network has

3 H-bonds per water, forming short 4 member zigzag water chains along the steps, separated by
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two vacant step sites; effectively the structure is sacrificing 1/3 or the optimal water binding sites in
favour of completing the 2D water H-bond network. The step sites are critical to stabilising the layer,
since without the steps the terrace would not wet, but neither are they so strongly binding that the
water prefers to fill all these sites at the expense of a reduced H-bond coordination. In contrast,
water binds to all of the Pt step sites on Pt(211), forming linear structures that have lower average
H-bond coordination number but occupy every Pt step site. The difference between the two systems
appears to be driven by the greater binding energy of water on Pt steps compared to Cu, which
more than offsets the reduced H-bond coordination on Pt. Different calculations for Cu and Pt
stepped surfaces are difficult to compare, but for the (110) surfaces Ren and Meng * find water has
a binding energy 0.22 eV/water greater on Pt than Cu, the stronger metal-water bond making it
unfavourable to sacrifice occupation of low coordination Pt sites in order to complete the H-bond

network.

Increasing the water coverage to fully saturate the Cu(511) surface compresses water into a
commensurate 2D hexagonal structure, but this structure again populates only 2/3 of the Cu step
sites. On Pt(211) the saturation layer has a water density slightly greater than on Cu, and is
disordered, making it unclear exactly what fraction of the Pt step sites are filled. The absence of
order in the 2D structure formed on Pt(211) is presumably due to the difficulty in forming a
commensurate H-bonded structure that both maximises the water coverage along the steps and
matches the Pt step spacing *%. In this respect the Cu(511) surface is unusual, having a surface unit
cell that matches closely that of bulk ice. Disorder caused by the mismatch between the water-water
H-bond length and the spacing of the surface template has also been observed on other plane
surfaces, for example during first and second layer water adsorption on Ru(0001) °*®  where the
template spacing is shorter than the water H-bond length, and during second layer adsorption on
SnPt(111) *® where the first layer is rigidly locked to the Pt(111) lattice spacing, causing srain in
subsequent water layers **. Whereas these systems relieve strain by forming domain boundaries
containing 5 and 8 member water rings, we do not observe any particular motif that relaxes this
strain on Pt(211) or allows water to order across the steps. Rather saturation of the layer packs a
high density of water onto the Pt surface, maximising the water-Pt interaction and completing the H-

bond network at the expense of occupying all of the Pt step sites.

Conclusions

Water forms narrow linear structures on Pt(211), forming zigzag chains along the (100) step sites
that are decorated on the upper terrace by rings of water. We do not observe simple 2-coordinate
water chains, indicating that the increase in the water coordination number above two caused by the
additional water on the terrace is essential to the chain’s thermodynamic stability. At higher
coverage a disordered structure is formed, containing zigzag water rows along the Pt steps but with

no registry between adjacent steps, suggesting it comprises an array of the linear 1D structures.
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Saturation of the water layer forms a disordered 2D water network containing different ring sizes,
maximising the number of water molecules in contact with the Pt surface and the H-bond

coordination at the expense of losing the preferred registry of water along the Pt step sites.

Supporting Information.
Additional figures and text showing the surface order determined by LEED as a function of the water

coverage and STM line profiles of the water chains.

Acknowledgements
This work was supported by the EPSRC via grants EP/ K039687/1 and SCG10020.

References

1. Seh, Z. W.; Kibsgaard, J.; Dickens, C. F.; Chorkendorff, I. B.; Norskov, J. K.; Jaramillo, T. F.,
Combining theory and experiment in electrocatalysis: Insights into materials design. Science 2017,
355 (6321), 4998.

2. Sakong, S.; Gross, A., Water structures on a Pt(111) electrode from ab initio molecular
dynamic simulations for a variety of electrochemical conditions. Phys. Chem. Chem. Phys. 2020, 22
(19), 10431-10437.

3. Morgenstern, M.; Michely, T.; Comsa, G., Anisotropy in the adsorption of H20 at low
coordination sites on Pt(111). Phys. Rev. Lett. 1996, 77 (4), 703-706.

4, Morgenstern, M.; Muller, J.; Michely, T.; Comsa, G., The ice bilayer on Pt(111): Nucleation,
structure and melting. Z. Phys. Chem. 1997, 198, 43-72.

5. Feibelman, P. J.; Bartelt, N. C.; Nie, S.; Thurmer, K., Interpretation of high-resolution images
of the best-bound wetting layers on Pt(111). J. Chem. Phys. 2010, 133 (15), 154703.

6. Nie, S.; Feibelman, P. J.; Bartelt, N. C.; Thurmer, K., Pentagons and Heptagons in the First
Water Layer on Pt(111). Phys. Rev. Lett. 2010, 105 (2), 026102.

7. Standop, S.; Morgenstern, M.; Michely, T.; Busse, C., H20 on Pt(111): structure and stability
of the first wetting layer. J. Phys. Cond. Mat. 2012, 24 (12), 124103.

8. Standop, S.; Redinger, A.; Morgenstern, M.; Michely, T.; Busse, C., Molecular structure of
the H20 wetting layer on Pt(111). Phys. Rev. B 2010, 82, 161412.

9. Nie, S.; Bartelt, N. C.; Thurmer, K., Evolution of proton order during ice-film growth: An
analysis of island shapes. Phys. Rev. B 2011, 84 (3), 035420.

10. Thirmer, K.; Bartelt, N. C., Nucleation-limited dewetting of ice films on Pt(111). Phys. Rev.
Lett. 2008, 100, 186101.

11. Kimmel, G. A.; Petrik, N. G.; Dohnalek, Z.; Kay, B. D., Crystalline ice growth on Pt(111) and
Pd(111): Nonwetting growth on a hydrophobic water monolayer. J. Chem. Phys. 2007, 126 (11),
114702.

12



12. Zimbitas, G.; Hodgson, A., The morphology of thin water films on Pt(111) probed by
chloroform adsorption. Chem. Phys. Lett. 2006, 417, 1-5.

13. Morgenstern, K., Scanning tunnelling microscopy investigation of water in submonolayer
coverage on Ag(111). Surf. Sci. 2002, 504 (1-3), 293-300.

14. van Reijzen, M. E.; van Spronsen, M. A.; Docter, J. C.; Juurlink, L. B. F., CO and H20
adsorption and reaction on Au(310). Surf. Sci. 2011, 605 (17-18), 1726-1731.

15. van Spronsen, M. A.; Weststrate, K. J.; den Dunnen, A.; van Reijzen, M. E.; Hahn, C.;
Juurlink, L. B. F., Hydrophilic Interaction Between Low-Coordinated Au and Water: H20/Au(310)
Studied with TPD and XPS. J. Phys. Chem. C 2016, 120 (16), 8693-8703.

16. Janlamool, J.; Bashlakov, D.; Berg, O.; Praserthdam, P.; Jongsomijit, B.; Juurlink, L. B. F.,
Desorption of Water from Distinct Step Types on a Curved Silver Crystal. Molecules 2014, 19 (8),
10845-10862.

17. Fajin, J. L. C.; Cordeiro, M.; Gomes, J. R. B., Density Functional Theory Study of the Water
Dissociation on Platinum Surfaces: General Trends. J. Phys. Chem. A 2014, 118 (31), 5832-5840.
18. Tsai, C.; Lee, K.; Yoo, J. S.; Liu, X. Y.; Allama, H.; Chen, L. D.; Dickens, C. F.; Geisler, T. S.;
Guido, C. J.; Joseph, T. M.; Kirk, C. S.; Latimer, A. A.; Loong, B.; McCarty, R. J.; Montoya, J. H.;
Power, L.; Singh, A. R.; Willis, J. J.; Winterkorn, M. M.; Yuan, M.; Zhao, Z. J.; Wilcox, J.; Norskov, J.
K., Direct Water Decomposition on Transition Metal Surfaces: Structural Dependence and Catalytic
Screening. Catalysis Letters 2016, 146 (4), 718-724.

19. Weststrate, C. J.; Sharma, D.; Gleeson, M. A.; Niemantsverdriet, J. W., Water and Hydroxyl
Reactivity on Flat and Stepped Cobalt Surfaces. J. Phys. Chem. C 2023, Articles ASAP.

20. Grecea, M. L.; Backus, E. H. G.; Riedmuller, B.; Eichler, A.; Kleyn, A. W.; Bonn, M., The
interaction of water with the Pt(533) surface. J. Phys. Chem. B 2004, 108 (33), 12575-12582.

21. van der Niet, M.; Dominicus, I.; Koper, M. T. M.; Juurlink, L. B. F., Hydrophobic interactions
between water and pre-adsorbed D on the stepped Pt(533) surface. Phys. Chem. Chem. Phys.
2008, 10 (47), 7169-7179.

22. van der Niet, M.; den Dunnen, A.; Juurlink, L. B. F.; Koper, M. T. M., The influence of step
geometry on the desorption characteristics of O-2, D-2, and H20 from stepped Pt surfaces. J.
Chem. Phys. 2010, 132 (17), 174705.

23. den Dunnen, A.; van der Niet, M.; Badan, C.; Koper, M. T. M.; Juurlink, L. B. F., Long-range
influence of steps on water adsorption on clean and D-covered Pt surfaces. Phys. Chem. Chem.
Phys. 2015, 17 (13), 8530-8537.

24, Badan, C.; Koper, M. T. M.; Juurlink, L. B. F., How Well Does Pt(211) Represent Pt n(111) x
(100) Surfaces in Adsorption/Desorption? J. Phys. Chem. C 2015, 119 (24), 13551-13560.

25. Badan, C.; Heyrich, Y.; Koper, M. T. M.; Juurlink, L. B. F., Surface Structure Dependence in
Desorption and Crystallization of Thin Interfacial Water Films on Platinum. Journal of Physical
Chemistry Letters 2016, 7 (9), 1682-1685.

13



26. Kolb, M. J.; Farber, R. G.; Derouin, J.; Badan, C.; Calle-Vallejo, F.; Juurlink, L. B. F.; Killelea,
D. R.; Koper, M. T. M., Double-Stranded Water on Stepped Platinum Surfaces. Phys. Rev. Lett.
2016, 7716 (13), 136101.

27. Meng, S.; Wang, E. G.; Gao, S. W., Water adsorption on metal surfaces: A general picture
from density functional theory studies. Phys. Rev. B 2004, 69 (19), 195404.

28. Kolb, M. J.; Wermink, J.; Calle-Vallejo, F.; Juurlink, L. B. F.; Koper, M. T. M., Initial stages of
water solvation of stepped platinum surfaces. Phys. Chem. Chem. Phys. 2016, 18 (5), 3416-3422.
29. Nagatsuka, N.; Shibata, N.; Muratani, T.; Watanabe, K., Proton Configuration in Water Chain
on Pt(533). Journal of Physical Chemistry Letters 2022, 13 (33), 7660-7666.

30. Endo, O.; Nakamura, M.; Sumii, R.; Amemiya, K., 1D Hydrogen Bond Chain on Pt(211)
Stepped Surface Observed by O K-NEXAFS Spectroscopy. J. Phys. Chem. C 2012, 116 (26),
13980-13984.

31. Nakamura, M.; Sato, N.; Hoshi, N.; Soon, J. M.; Sakata, O., One-Dimensional Zigzag Chain
of Water Formed on a Stepped Surface. J. Phys. Chem. C 2009, 113 (11), 4538-4542.

32. Arnadottir, L.; Stuve, E. M.; Jonsson, H., Adsorption of water monomer and clusters on
platinum(111) terrace and related steps and kinks I. Configurations, energies, and hydrogen
bonding. Surf. Sci. 2010, 604 (21-22), 1978-1986.

33. Pekoz, R.; Worner, S.; Ghiringhelli, L. M.; Donadio, D., Trends in the Adsorption and
Dissociation of Water Clusters on Flat and Stepped Metallic Surfaces. J. Phys. Chem. C 2014, 118
(51), 29990-29998.

34. Kolb, M. J.; Calle-Vallejo, F.; Juurlink, L. B. F.; Koper, M. T. M., Density functional theory
study of adsorption of H20, H, O, and OH on stepped platinum surfaces. J. Chem. Phys. 2014, 140
(13), 134708.

35. Pekoz, R.; Donadio, D., Dissociative Adsorption of Water at (211) Stepped Metallic Surfaces
by First-Principles Simulations. J. Phys. Chem. C 2017, 121 (31), 16783-16791.

36. Bu, Y. F.; Cui, T. T.; Zhao, M.; Zheng, W. T.; Gao, W.; Jiang, Q., Evolution of Water
Structures on Stepped Platinum Surfaces. J. Phys. Chem. C 2018, 122 (1), 604-611.

37. Gerrard, N.; Mistry, K.; Darling, G. R.; Hodgson, A., Formation of Linear Water Chains on
Ni(110). Journal of Physical Chemistry Letters 2020, 11 (6), 2121-2126.

38. Lin, C.; Corem, G.; Godsi, O.; Alexandrowicz, G.; Darling, G. R.; Hodgson, A., Ice nucleation
on a corrugated surface. J. Am. Chem. Soc. 2018, 140 (46), 15804-15811.

39. Lin, C.; Avidor, N.; Corem, G.; Godsi, O.; Alexandrowicz, G.; Darling, G. R.; Hodgson, A.,
Two-Dimensional Wetting of a Stepped Copper Surface. Phys. Rev. Lett. 2018, 120, 076101.

40. Gerrard, N.; Gattinoni, C.; McBride, F.; Michaelides, A.; Hodgson, A., Strain Relief during Ice
Growth on a Hexagonal Template. J. Am. Chem. Soc. 2019, 141, 8599-8607.

41. Hodgson, A.; Haq, S., Water adsorption and the wetting of metal surfaces. Surf. Sci. Rep.
2009, 64(9), 381-451.

14



42. Bertram, C.; Auburger, P.; Bockstedte, M.; Stabler, J.; Bovensiepen, U.; Morgenstern, K.,
Impact of Electron Solvation on Ice Structures at the Molecular Scale. Journal of Physical Chemistry
Letters 2020, 11 (4), 1310-1316.

43. Gerrard, N.; Mistry, K.; Darling, G. R.; Hodgson, A., Water Dissociation and Hydroxyl
Formation on Ni(110). J. Phys. Chem. C 2020, 124 (43), 23815-23822.

44, McBride, F.; Darling, G. R.; Pussi, K.; Hodgson, A., Tailoring the structure of water at a metal
surface: a structural analysis of the water bilayer formed on an alloy template. Phys. Rev. Lett. 2011,
106 (22), 226101.

45. Schiros, T.; Haq, S.; Ogasawara, H.; Takahashi, O.; Ostrém, H.; Andersson, K.; Pettersson,
L. G. M.; Hodgson, A.; Nilsson, A., Structure of water adsorbed on the open Cu(110) surface: H-up,
H-down, or both? Chem. Phys. Lett. 2006, 429, 415-419.

46. Andersson, K.; Ketteler, G.; Bluhm, H.; Yamamoto, S.; Ogasawara, H.; Pettersson, L. G. M,;
Salmeron, M.; Nilsson, A., Autocatalytic water dissociation on Cu(110) at near ambient conditions. J.
Am. Chem. Soc. 2008, 130 (9), 2793-2797.

47. Daschbach, J. L.; Peden, B. M.; Smith, R. S.; Kay, B. D., Adsorption, desorption, and
clustering of H20 on Pt(111). J. Chem. Phys. 2004, 120 (3), 1516-1523.

48. Shiotari, A.; Sugimoto, Y.; Kamio, H., Characterization of two- and one-dimensional water
networks on Ni(111) via atomic force microscopy. Physical Review Materials 2019, 3 (9), 093001.
49. Peng, J. B.; Guo, J.; Ma, R. Z.; Jiang, Y., Water-solid interfaces probed by high-resolution
atomic force microscopy. Surface Science Reports 2022, 77 (1).

50. Maier, S.; Lechner, B. A. J.; Somorjai, G. A.; Salmeron, M., Growth and Structure of the First
Layers of Ice on Ru(0001) and Pt(111). J. Am. Chem. Soc. 2016, 138 (9), 3145-3151.

51. Ren, J.; Meng, S., First-principles study of water on copper and noble metal (110) surfaces.
Phys. Rev. B 2008, 77 (5), 054110.

52. Fitzner, M.; Sosso, G. C.; Cox, S. J.; Michaelides, A., The Many Faces of Heterogeneous Ice
Nucleation: Interplay Between Surface Morphology and Hydrophobicity. J. Am. Chem. Soc. 2015,
137 (42), 13658-13669.

53. Gallagher, M.; Omer, A.; Darling, G. R.; Hodgson, A., Order and disorder in the wetting layer
on Ru(0001). Faraday Disc. Chem. Soc. 2009, 141, 231-249.

15



TOC Graphic

16



