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Abstract 

Heterogeneous ice nucleation is a key process in many environmental and technical fields, and is of 

particular importance in modeling atmospheric behavior and the Earth’s climate. Despite an improved 

understanding of how water binds at solid surfaces, no clear picture has emerged to describe how 3D ice 

grows from the first water layer, nor what makes a particular surface efficient at nucleating bulk ice. This 

study reports how water at a corrugated, hydrophilic/hydrophobic surface restructures from a complex 

2D network, optimized to match the solid surface, to grow into a continuous ice film. Unlike the water 

networks formed on plane surfaces, the corrugated Cu(511) surface stabilizes a buckled hexagonal 

wetting layer containing both hydrogen acceptor and donor sites. First layer water is able to relax into an 

‘icelike’ arrangement as further water is deposited, creating an array of donor and acceptor sites with the 

correct spacing and corrugation to stabilize second layer ice and allow continued commensurate 

multilayer ice growth. Comparison to previous studies of flat surfaces indicates nano-scale corrugation 

strongly favors ice nucleation, implying surface corrugation will be an important aspect of the surface 

morphology on other natural or engineered surfaces.  
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Introduction 

Nucleation of bulk ice from pure water is notoriously difficult, inhibited by the large change in density 

and collective rearrangement required to form ice nuclei able to grow spontaneously. Since 

homogeneous nucleation is suppressed, occurring only when water is supercooled below -41°C 1, ice 

almost invariably nucleates at an interface, often a dust particle or solid surface. The presence of suitable 

nucleation sites controls the temperature and rate at which ice forms, influencing behavior in many 

important systems, ranging from atmospheric precipitation 2, where different types of dust lead to 

different degrees of supercooling during cloud nucleation 3, through to biological interfaces that have 

evolved to enhance or inhibit freezing 4. In addition to the nucleation rate, the mode of ice growth itself 

can be strongly influenced by the nature of the interface 5, influencing the extent of macroscopic ice 

build up on surfaces such as aerofoils, for example. Although many experiments reveal changes in the 

ice nucleation rate at different surfaces 6,7, the nucleation process itself is difficult to study directly and 

the particular characteristics that make a good nucleation agent remain unclear. Lattice parameter 

matching led to the successful use of AgI as a seeding agent, but simulations and experiments on model 

systems show that having the correct lattice parameter, binding energy or symmetry alone does not 

necessarily promote ice growth, with no single parameter emerging as a reliable indicator of a favorable 

surface 8-13.  

 

Water adsorption on well-defined surfaces, particularly metals, provides a convenient arena where 

experiments can provide sufficient detail to develop molecular models for the water-solid interface 14. 

These studies reveal how water binds to simultaneously optimize both the water-water H-bonding and 
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water-surface interaction, creating complex H-bonded water networks with structures quite unlike that of 

bulk ice 15. For example, 2D networks made of hexamer, pentamer and heptamer rings form on close 

packed metal surfaces 16-19, with 1D pentamer chains forming on rectangular Cu(110) 20 and interlinked 

tetramers on square NaCl(100) 21. However, since the first water layer is very different from bulk ice, 

further multilayer growth requires the density, lateral arrangement and H orientation of the wetting layer 

to relax to stabilize a multilayer ice film, inhibiting further growth 18,22-24. In contrast to these flat 

surfaces, ice forming proteins, the best nucleation agents known 25, have a very different morphology, 

typically displaying a corrugated array of hydrophilic and hydrophobic sites, formed for example by 

stacking protein b-strands to create a corrugated, polar template that matches ice I 26. Molecular 

dynamics simulations of solid wetting also find corrugation of the contact layer can influence the ice 

nucleation rate and direct ice growth 27, suggesting surface corrugation may be one key to creating a 

good nucleation template.  

 

Fig. 1 Structural model for the bare Cu(511) surface and the low coverage water phase. a) model 

showing the close packed Cu steps separated by (100) terraces and b) an STM image showing the regular 
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array of steps aligned along the 011  direction. c) Structural model for the water monolayer formed at 

low coverage 28, showing the (31, -31) unit cell and Cu steps indicated by the dashed lines. 

 

In this study we investigate how multilayer ice forms on a stepped Cu(511) surface, made up from a 

regular array of close packed steps separated by 3 atom wide terraces, shown in Fig. 1. This surface is 

chosen to create an array of hydrophilic-hydrophobic stripes, 6.6 Å apart, a spacing that can be matched 

closely to the bulk ice lattice. Water binds tightly at the low coordinate step sites 20,29,30 but weakly on 

the (100) terraces 31, providing a highly corrugated adsorption template for water. Water wets this 

surface to create monolayer islands with a complex 2D structure 28, shown in Fig. 1c. This water network 

is made from interlinked pentamer, hexamer and octomer rings, forming an H-bonded network with a 

coverage of 0.833 ML (where 1 ML is one water per surface Cu atom, or 1.18 x 1015 cm-2). All of the 

molecules in this network have three H-bonds, half of the water donating two H atoms to a neighbor, the 

other half having one free H atom that points down towards the Cu surface. DFT calculations show that 

this structure is stabilized by having 4 water molecules bound flat on the Cu step sites and 3 with their 

free OH groups aligned H-down next to the Cu step, screened by the step dipole, making them 

particularly good H acceptors 32,33. The network is completed by just 3 water adsorbed in less favorable 

sites above the (100) terrace, bridging between water at the steps. This structure is more stable than 

alternative structures that occupy every step site 28, but, as for the plane surfaces discussed earlier, 

provides a poor template for further ice growth, having a completely different symmetry to bulk ice and 

no free OH groups capable of bonding second layer water.  

 

Multilayer ice growth is investigated using LEED, temperature programmed desorption (TPD), helium 

atom scattering (HAS) and STM. We show that the complex 2D wetting layer formed at low coverage28 
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is unstable to further adsorption, compressing to create a buckled hexagonal network. This structure has 

a density close to that of ice Ih(0001) and contains OH groups that point both ‘H-up’ away from the 

surface and ‘H-down’ towards the metal, providing H acceptor and donor sites able to bind effectively to 

second layer ice. We find that, unlike flat surfaces where multilayer adsorption is inhibited, adsorption 

on this structure is facile, water forming a continuous second layer that grows into a commensurate ice 

multilayer. Based on DFT calculations, we discuss how water relaxes during the transition from single 

layer to multilayer growth, emphasizing the importance of H donor and acceptor groups in the interface 

layer relaxing to adopt both the correct periodicity and corrugation to bind bulk ice. These results suggest 

that surfaces that nucleate ice efficiently will be corrugated, not flat.  

 

Results and discussion 

LEED and HAS were used to examine the structures formed as a water multilayer is grown on the 

Cu(511) surface at 140 K, resulting in the diffraction patterns shown in Fig. 2 for increasing water 

coverage. The (3 1, -3 1) phase formed at low coverage (≤0.83 ML water) disappears as the coverage is 

increased further, the surface incorporating ca. 25% more water to form an ordered (3 0, -1 1) structure 

as the coverage reaches 1 ML and the surface saturates to further adsorption. Thermal desorption 

measurements show the binding energy of this structure is indistinguishable from that of the low 

coverage phase, the multilayer water TPD peak appearing only as the coverage exceeds 1 ML (see 

supplementary information for more details). The high coverage water structure has 6 water molecules 

per unit cell and a density that is very close to that of the ice Ih(0001) surface. The (3 0, -1 1) LEED 

pattern persists as the water multilayer grows, indicating this structure is stable to further water 

adsorption. STM images reproduce this change in surface structure with coverage, large scale images 
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(Fig. 2d,e) showing the complex network of octomer, hexamer and pentamer rings formed at low 

coverage being replaced by the (3 0, -1 1) structure at 1 ML coverage. 

 

 

Fig. 2. Diffraction patterns and STM images showing the change in structure as the first layer saturates 

with water. a) LEED pattern (40 eV, 10 nA) showing formation of the (3 1, -3 1) structure for water 

coverage ≤0.83 ML, b) HAS (recorded at an energy of 9.69 meV) and c) LEED (40 eV, 10 nA) showing 

the formation of an ordered (3 0, -1 1) water film at ≥1 ML water. The Cu(511) reciprocal unit cell is 

shown by the black lines, while the red lines show that for water. d) STM image of the (3 1, -3 1) 

structure (-0.11 V, 100 pA) and e) the (3 0, -1 1) structure (0.11 V and 21 pA). The yellow circles show 

regions where the bright features are arranged locally into a hexagonal pattern (top) or a rectangular 

arrangement (bottom). The water coverage is marked on the images, which are all recorded at 77 K after 

annealing the surface to 138 K, except b) which is recorded at 120 K (see Methods for further details).  
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Unlike the low coverage structure shown in Fig. 2d, STM images of the high coverage phase (Fig 2e) do 

not show well resolved rings of water, instead the images are dominated by individual bright features 

that align in rows parallel to the Cu steps, separated by the step spacing (6.6 Å). The bright features are 

typically 7.6 Å (3 Cu atoms) apart along the step direction, with occasional variation by one unit and low 

contrast sites giving rise to some disorder along the rows. A Fourier transform of the STM image shows 

weak peaks at the (3 0, -1 1) diffraction positions found in LEED and HAS (see SI and Fig. S2 for more 

information). Detailed STM images shown in Fig. 3 reveal two other features of this phase. Firstly, there 

is some variation in the intensity of the bright features, indicating a slightly different corrugation at 

different water sites. This variation is attributed to the precise H atom location within the overall water 

H-bond network modifying the corrugation of individual water sites. A similar behavior is found for the 

low coverage phase 28 and is analogous to the proton disorder found in ice I. Secondly, the arrangement 

of bright features sometimes follows a hexagonal ordering, where alternate rows of bright features are 

out of phase perpendicular to the steps, or else may be roughly aligned (offset by aCu/2 on adjacent steps) 

forming a rectangular arrangement (compare Fig. 3a,b and regions circled in Fig. 2e). The two different 

arrangements can interconvert (Fig. 3c,d) if the STM tip is moved close and scanned along the 011  

direction, with the bright features changing site by one unit along the step direction. This behavior is 

consistent with both motifs originating from the same underlying hexagonal (3 0, -1 1) water network, 

shown in Fig. 3(a-d), the high contrast site simply switching to the adjacent site along the step direction. 

Although some structure is visible between the bright sites, we never fully resolve the underlying water 

network beneath the high contrast features.  
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Fig. 3 STM images for the 1 ML water structure formed at 138 K showing the formation of a hexagonal 

network containing water adsorbed with some OH groups pointing away from the surface. a) shows 

detail of a region with a hexagonal arrangement of bright features in a (3 0, -1 1) repeat and (b) a region 

with bright features aligned along 255  in a doubled, rectangular (3 0, 1 2) repeat that crosses two steps. 

c) and d) images of the same region showing a structural change from the rectangular arrangement (c) to 

hexagonal (d), achieved during scanning by increasing the tunneling current to bring the tip close to the 

surface. The sites marked by the yellow arrows move up one Cu unit leaving the remaining water 

network unperturbed, as indicated by the dashed hexagonal network. e,g) and f,h) are STM simulations 

(0.1 V) and DFT structures for arrangements containing one H-up water per unit cell (see SI, structures 

S4Y and S3D) either in or out of phase on adjacent Cu terraces, with adsorption energies of -75.1 and -

75.2 kJ/mol respectively. The position of the H-up water molecules is indicated by the yellow circles. 

STM scan direction is vertical with a) 0.11 V, 41 pA; b,c) 0.11 V, 21 pA; d) 53 mV, 21 pA. 
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The structure of the dense 1 ML water layer was investigated using DFT to explore its minimum energy 

structure. All the stable structures we found adopted the hexagonal network shown in Fig. 3e,f, with a 

binding energy of 75.5 kJ/mol that is indistinguishable from that of the low coverage structure 28 (see SI 

for details of all the arrangements considered). This binding energy can be compared to the 72.4 kJ/mol 

calculated for bulk ice using the same functional, with a calculated lattice parameter 3% smaller than the 

experimental value, which reduces to 71.4 kJ/mol if the structure is constrained to the experimental ice 

lattice spacing. Entropic contributions to the stability of different solid ice phases are small 34,35, less than 

the accuracy of the DFT calculations 36 (see SI for more details), so the greater binding energy of water 

in the (3 0, -1 1) structure is consistent with water wetting the Cu(511) surface.  

 

The hexagonal water network is stabilized by two water molecules that bind flat in a double donor 

configuration atop the Cu step, separated by one vacant Cu site along the step, as shown in Fig. 3e,f and 

Supplementary Figures S3 & S4. The remaining four water molecules complete the H-bond network by 

bonding as a double donor and three single donors, allowing a number of possible micro-arrangements. 

The two water molecules immediately below the step have a weak preference to both align H-down 

towards the Cu surface, mirroring the arrangement found in the low coverage network, Fig. 1d, where 

water is stabilized H-down next to the Cu step dipole 28. A double donor and single donor species 

adsorbed on the terrace above the Cu step complete the hexagonal network, with the uncoordinated H 

atom pointing either towards or away from the surface. DFT calculations find no significant energy 

difference between arrangements that have all the H atoms pointing down or one water on the terrace 

aligned H-up, suggesting both orientations will occur within the water network. This behavior is 

different from flat surfaces where water preferentially aligns H-down towards the surface 14,15. 
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STM simulations shown in Fig. 3e,f provide further insight. Whereas structures containing only H-down 

water result in low contrast images that resolve the network of hexagonal rings, the presence of H 

pointing away from the surface creates high contrast sites that dominate all other features in the image 

(Fig. 3e,f and supplementary Fig. S5). On this basis we assign the bright features observed in STM to H-

up water adsorbed on the Cu terrace above the step (see Fig. 3h), creating the rows of bright features 

parallel to the step edge observed experimentally. The density of bright features in the STM images 

implies ca. 65% of the (3 0, -1 1) unit cells have one H pointing away from the surface, indicating a 

slight preference to have one H-up water in the unit cell, rather than all three single donor species H-

down towards the surface. Disorder in the location of these sites along the step direction arises from the 

choice of which of the two adjacent water sites (if any) is H-up. For any particular Cu terrace, a majority 

of the H-up rows show water adopting the same site, spaced evenly along the row as shown in Fig. 3e,f, 

creating a locally ordered chain along the 011  direction. This arrangement prevents two H-up sites 

occupying the same water hexagon, something that DFT finds is unfavorable by ~5 kJ/mol.  Hexagonal 

and rectangular regions result from a different local ordering of the H-up water on adjacent (100) 

terraces, the hexagonal patches having the same H-up site on adjacent terraces, whereas the rectangular 

patches have H-up at opposite sites on adjacent terraces (see Fig. 3e,f). The presence of both 

arrangements implies the choice of which H-up site is occupied on adjacent terraces is decoupled from 

each other, being in different water rings and therefore not interacting to destabilize the network.  The 

two arrangements can interconvert when the STM tip is moved close to the water layer to exchange the 

H orientation at sites along the row, as shown in Fig. 3c,d. This ability of water in the first layer to adopt 

an H-down or H-up alignment is critical to further water adsorption and the wetting behavior of this 

surface.  
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Fig. 4  STM images showing second layer water forming a continuous 2D layer across the entire surface. 

a) large scale STM image of ~2 ML water after annealing at 135 K. b) detail showing the bright features 

preferentially aligning orthogonal to the steps. c) portion of the surface with fewer bright features where 

the second layer water network is visible. d) shows the original (3 0, -1 1) first layer network 

superimposed (red hexagons shown with black unit cell), along with the (5 1, -4 1) unit cell (blue) that 

represents the commensurate second layer superstructure. (a) 0.1 V, 21 pA, b-d) 0.1 V, 41 pA).  

 

Having understood the compression of the first layer water, we turn our attention to the growth of 

multilayer ice on this hexagonal network. Whereas water adsorbed on flat metal surfaces, such as 

Pt(111), forms disordered second layer islands 16, then dewets to create multilayer islands separated by 

monolayer water 22,24,37,38, large scale STM images of Cu(511) (Fig. 4a) show second layer water forms a 

complete layer. The structure is characterized by disordered rows of bright features that are aligned 
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perpendicular to the step direction, the orthogonal direction to those seen in the first layer. Closer 

inspection of the images reveals the bright features are situated on zigzag chains that run along 255  

and have a period of twice the Cu step spacing. The density of the bright features in Fig. 4 is low, 

equivalent to just 1 in 30 water sites, and depends on coverage, implying they are not intrinsically 

associated with the second layer water structure. The bright features image 0.6 Å above the zigzag 

chains, roughly half the apparent height of the first water layer above Cu(511) and identical to the 

apparent spacing found between second and third layer water under similar bias conditions on Cu(111) 

39. We therefore assign the isolated bright features as additional water molecules that are pinned to 

particular sites above the second layer network, similar to the behavior reported for water adsorbed on 

top of 2 layer clusters on Cu(111) 40 and Ru(0001) 16. The diffuse zigzag chains in the underlying second 

layer water are separated by 4.5 aCu (11.5 Å) along the Cu steps, forming a (5 1, -4 1) arrangement that 

represents a (√3 x √3)R30° super-structure of the hexagonal (3 0, -1 1) first layer, indicated in Fig. 4d. 

The additional long range order in the second layer implies some ordering of the H location or water 

corrugation beyond that associated with the hexagonal water network. The zigzag chains have an 

apparent height ca. 0.5 Å above the dark regions, half the apparent height of the first water layer and 

similar to the corrugation of H-up sites in the first layer. Formation of a complete H-bond network with 

the first layer would cause the second layer to have the same number of water oriented H-up in the 

second layer as is present in the first layer, so we tentatively associate the (5 1, -4 1) superstructure as a 

long range ordering of H-up water sites in the second layer. This interpretation also explains why 

additional water molecules are present above the zizgzag chains as additional water molecules are known 

to be stabilized by bonding at H donor sites 41. Although it is not possible to image finer details of the 

second layer network, the images confirm water forms a complete 2D commensurate network that 

extends across the surface in registry with the first layer. 
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In order to understand how the first layer relaxes during multilayer growth, we used DFT to explore the 

binding energy of multilayer structures of this type. Before doing so we note that the deviation in lattice 

parameter between DFT models for the solid surface and for bulk ice may cause systematic bias in 

assessing different structures 42,43. The hexagonal network on Cu(511) is laterally compressed 1.7% 

compared to bulk ice 40, but the optB86b-vdW exchange-correlation functional 44,45, which includes van 

der Waals interactions that are important in stabilizing surface adsorption relative to 3D ice formation 

36,46, over binds bulk ice by a similar amount 43, causing strain in the adlayer to be underestimated. We 

therefore make no attempt to model the detail of the long range H-bond super-structure observed 

experimentally, instead we focus on calculations for the (3 0, -1 1) unit cell to understand how surface 

corrugation influences the H orientation and buckling of interface water, how the first layer relaxes 

during growth and why this particular surface is able to stabilize a commensurate ice film.  
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Fig. 5  Calculated structures showing the best 2 and 3 layer structures found in a (3 0, -1 1) unit cell. Side 

and top view of (a-b) 2 ML water and (c-d) 3 ML water (adsorption energy -71.8 and -71.6 kJ/mol 

respectively). The top frames show a single unit cell of water, while the top layer in (b) is reduced in 

size. Frames (e,f) show the first and second layers of the 2 layer structure separately. The three first layer 

sites (e) that link the two layers are circled with the H-up donor in yellow and the acceptor sites in blue. 

Frame (f) shows the corresponding second layer donor/acceptor sites highlighted by dashed circles, with 

the H donors enlarged. Copper step sites are indicated by the yellow dashed lines. 

 

Calculations for two layers of water reveal a clear difference in behavior between the stepped Cu(511) 

surface and previous studies on flat surfaces. Stable two layer structures retain the water molecules 

adsorbed as double donors on the Cu step, with one of these sites buckling ~1 Å away from the step and 
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acting as an H-acceptor from second layer water. The first layer is completed by a mixture of H-up and 

H-down first layer water, as found in the monolayer structure (compare Figs 3 and 5). Several different 

arrangements of H-donor and acceptor sites lead to stable 2 layer films, with the second layer adopting 

either an AA or AB stacking. The most stable structures originate from first layer proton arrangements 

that create a threefold arrangement of donor and acceptor sites in next nearest neighbor positions, 

providing the correct template to bind an ‘icelike’ second layer above. To do this, one of the H-down 

molecules beneath the step orients H-up to donate to the second layer, (circled yellow in Fig. 5e), with 

the third H-bond between the layers made to water on the (100) terrace above the step, either in an H-up 

or H-down arrangement. The binding energy of the best two layer structure is ca. 4 kJ/mol less than the 

first layer alone, consistent with the reduced binding energy found for multilayer water from TPD. The 

structure of the second water layer is very similar to that of bulk ice, with both donor and acceptor sites 

available to bind third layer water in the ice I structure, Fig. 5c,d. We find the adsorption energy for 3 

layer ice structures is indistinguishable from 2 water layers, consistent with ice multilayers growing 

without hindrance. In fact the adsorption energy for 2 and 3 layer structures is the same as we calculate 

for bulk ice, (see SI for more details), implying thick ice films are expected to grow indefinitely on this 

surface. A full list of all the arrangements considered is given in the supplementary information, see 

Figs. S6, S7 and additional discussion.  

 

Second layer growth has previously been imaged on several flat, close packed metal surfaces, where it 

shows a characteristic behavior. Water forms complex first layer structures on Ni and Pt 17,24, with water 

oriented H-down and no OH groups available to stabilize second layer water 22. Further water adsorption 

initially forms second layer islands 16,17, with calculations finding a two layer ‘sandwich’ structure is 

particularly stable. This structure consists of two flat hexagonal water layers arranged with the bottom 
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layer aligned H-up and the second layer H-down, so that each water forms one H-bond to other layer 47-49 

(cf. Fig. S6f). Two layer clusters of this type have been found on hydrophobic surfaces, such as Au 49, 

but the absence of free OH groups makes them unsuitable for further ice growth. Instead of completing 

the second water layer, both Ni and Pt dewet to form 3D ice clusters and monolayer water 17,24. 

Similarly, on Ru(0001) water forms ordered second layer islands on regions of hexagonal first layer 

water 16, but again the water film dewets as the coverage is increased 23. In all these systems, the driving 

force for dewetting is the reduction in contact area between ice and the solid, implying the free energy of 

the ice-solid interface is sufficiently great that bulk ice clusters and monolayer water form to reduce the 

solid-ice contact area. Evidently water at these solid-ice interfaces is unable to adapt its lateral 

arrangement and H-bonding sufficiently to stabilize an ice layer, but the structure of the buried interface 

is unknown. 

 

In contrast to the plane surfaces, the corrugated Cu(511) surface forms a complete commensurate second 

layer ice film, which covers the surface with no evidence for dewetting. The ability to nucleate a 

continuous 2D ice film can be attributed to two key factors, formation of a hexagonal wetting layer with 

a close lattice match to bulk ice (∆~-1.7%) and the ability of this first layer to create a threefold 

arrangement of donor and acceptor sites, in next nearest neighbor positions, with the correct corrugation 

to bind and stabilize multilayer ice films. Calculations show that stable multilayer ice films form with 

water on the step acting as an acceptor and at least one of the other two sites acting as a donor to the 

second ice layer. Whereas calculations for flat surfaces predict double layer water forms a non-wetting 

hexagonal ‘sandwich’ structure 17, this arrangement is unstable on Cu(511) (see Fig. S6f). Water in the 

first layer rotates H-down beneath the step to improve bonding to the solid at the expense of a reduced 

H-bonding between the two water layers, preventing formation of a ‘hydrophobic’ 2 layer structure. The 
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requirement to provide both donor and acceptor sites with the correct corrugation ensures that flat 

hexagonal networks, formed on plane surfaces, do not provide good templates for ice growth 13,50,51. 

Surface corrugation is therefore key in creating the buckled network of donor and acceptor sites that 

allows first layer water to form a stable interface between bulk ice and the solid surface on Cu(511). This 

picture is consistent with recent models for ice nucleation on feldspar, where nucleation occurs 

preferentially on the corrugated (100) face 6.  

 

Conclusions 

We have shown that saturating a stepped Cu(511) surface with water causes the first layer to compress 

from a complex, H-down arrangement of pentamer and octomer rings into a simple buckled hexagonal 

network containing a mixture of H donor and acceptor sites. Second layer water adsorbs on top of this 

first layer to form a commensurate ice film with the same lateral water density as the first layer, allowing 

ice multilayers to grow freely. Structure calculations show that the ice multilayer is stabilized by relaxing 

the corrugation and H orientation of water in the first layer to create one H-donor and two H-acceptor 

sites at next nearest neighbor positions around the water hexagons, mimicking the arrangement in bulk 

ice Ih(0001). This process involves displacement of one acceptor species away from the surface and 

local reorientation of first layer water without breaking any hydrogen bonds. Fully H-bonded, two layer 

sandwich structures (which have no free H atoms to stabilize further water) are unstable on the 

corrugated surface, some water molecules rotating ‘H-up’ to create H-donor sites that stabilize continued 

multilayer growth. The DFT calculations shed light on the factors influencing the stability of the solid-

ice interface layer and support model calculations 27 that suggest nano-scale surface corrugation can 

stabilize and direct ice growth. A good ice nucleating agent requires a close lateral match of first layer 

water to a bulk ice lattice plane and suitable corrugation to match the surface array of H donor and 
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acceptor sites to the ice structure. These results suggest that the presence of nano-scale 

hydrophilic/hydrophobic corrugation at the surface of ice nucleating agents is one key to their efficiency.  

 

Methods 

Experiment. Experiments were conducted in 3 different chambers using different crystals, polished to 

within 0.1° of the (511) face (Surface Preparation Lab). The surface was cleaned by cycles of Ar+ ion 

sputtering and annealing to 800 K. LEED and TPD measurements were conducted in an ultra-high 

vacuum (UHV) chamber with base pressure of 1x10-8 Pa equipped with a dual-MCP amplified LEED 

system to minimize electron damage to water structures 28. Water (D2O, 99.9%) layers were dosed via a 

collimated, effusive molecular beam, allowing the surface coverage to be selected to ca. ±1%. The water 

uptake was measured using the King and Wells technique and TPD profiles recorded as a function of the 

coverage. The relative coverage was calculated by integrating either the uptake profile or the TPD signal, 

with one layer being defined as the coverage just prior to the appearance of a multilayer desorption peak 

in TPD. The surface was annealed to 138 K to order water structures with temperature measured by a K 

type thermocouple attached to the crystal, which was held at 100 K during LEED measurements. Further 

details are given in the supplementary information. 

 

Helium atom scattering (HAS) was recorded as described earlier 28,52, using a He beam with a mean 

energy of 9.69 meV. Water was dosed from a leak valve and the development of the different diffraction 

peaks followed as a function of water dose. Saturation coverage was established from a local maximum 

in He reflectivity as the surface layer completes. During extended 2D scans the surface was held at 120 

K with a background pressure of water vapor chosen to maintain a constant He reflectivity. STM 

measurements were conducted in a Createc STM with the sample held at 77 K during water adsorption 
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and then annealed to 138 K to order the water 28. STM images were recorded in constant current mode at 

77 K with an electrochemically etched tungsten tip. Bias voltages are applied to the sample, so that 

positive voltages correspond to electrons tunneling into the surface (empty state images). STM images 

proved largely insensitive to the bias voltage but required the use of low tunnel currents (<40 pA) to 

prevent reorientation of water in the adlayer.  

 

Theory. Calculations were performed using VASP 53,54 with the optB86b-vdW exchange-correlation 

functional 55,56, in a (3 0, -1 1) or doubled, (3 0, 1 2) unit cell, using (9 x 9 x 1) or (4 x 7 x 1) k points 

respectively and a 400 eV cutoff. The slabs had a vacuum gap >10 Å above the upper water layer and 

were dipole corrected perpendicular to the slab. The optB86b-vdW functional includes van der Waals 

interactions, which are known to be important in stabilizing surface adsorption relative to 3D ice 

formation 36,46, and has a similar performance to other vdW functionals for systems where physisorption 

is important 57. Additional tests to determine the sensitivity of the relative binding energy of different 

structures to the functional chosen were performed using rev-vdW-DF2 58, further details are given in the 

Supplementary Information. Trial structures are converged so that the forces on the atoms are < 0.01 

eV/Å. The water adsorption energy (𝐸!"), or binding energy (𝐸!), quoted in the text are defined by  

 𝐸!" =  −𝐸! = (𝐸!"#$!"! − 𝐸!" − 𝑛!!!𝐸!!!)/𝑛!!!   (1) 

where 𝐸!"#$!"!  is the energy of the final slab, 𝐸!" is the energy of the metal slab alone and 𝐸!!! the energy 

of an isolated water in vacuum. STM simulations were performed using the Tersoff Hamann 

approximation 59,60, which approximates the tunnel current as the integral of the electronic density from 

the bias voltage to the Fermi energy. This model generally provides reasonable qualitative agreement 

with experimental STM images recorded for monolayer water 20,28, but does not account for charging or 
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the low conductivity of thicker ice films which prevent us imaging 3 layer islands in experiment. 

Experimental images recorded at low bias voltage in the band gap (to avoid disrupting the structure) 

show a reduced apparent height, particularly for ice multilayers, and must be interpreted on the basis of 

apparent height change with coverage 39. 

 

Supporting Information 

Supporting Information is available for this paper and includes additional characterization of the 

saturation monolayer and a complete list of the binding energies and structures calculated for the 

monolayer and multilayer ice films discussed in the text. 

 

Acknowledgements 

We acknowledge support via ERC grant 307267, ISF Grant 755/16, EPSRC grant EP/K039687/1 and the 

UK Materials and Molecular Modeling Hub for computational resources, which is partially funded by 

EPSRC (EP/P020194) and was obtained via our membership of the UK HEC Materials Chemistry 

Consortium, which is also funded by EPSRC (EP/000202). 

 

References     

1 Moore, E. B. & Molinero, V. Structural transformation in supercooled water controls the 

crystallization rate of ice. Nature 479, 506 (2011). 

2 Atkinson, J. D., Murray, B. J., Woodhouse, M. T., Whale, T. F., Baustian, K. J., S., K., Carslaw, 

K. S., Dobbie, S., O’Sullivan, D. & Malkin, T. L. The importance of feldspar for ice nucleation 

by mineral dust in mixed-phase clouds. Nature 498, 355 (2013). 

3 Andreae, M. O. & Rosenfeld, D. Aerosol-cloud-precipitation interactions. Part 1. The nature and 

sources of cloud-active aerosols. Earth-Sci. Rev. 89, 13 (2008). 



 
 
 
 
 
 
 
 

21 

4 Pandey, R., Usui, K., Livingstone, R. A., Fischer, S. A., Pfaendtner, J., Backus, E. H. G., Nagata, 

Y., Frohlich-Nowoisky, J., Schmuser, L., Mauri, S., Scheel, J. F., Knopf, D. A., Poschl, U., Bonn, 

M. & Weidner, T. Ice-nucleating bacteria control the order and dynamics of interfacial water. Sci. 

Adv. 2, e1501630 (2016). 

5 Liu, J., Zhu, C. Q., Liu, K., Jiang, Y., Song, Y. L., Francisco, J. S., Zeng, X. C. & Wang, J. J. 

Distinct ice patterns on solid surfaces with various wettabilities. Proc. Nat. Acad. Sci. 114, 11285 

(2017). 

6 Kiselev, A., Bachmann, F., Pedevilla, P., Cox, S. J., Michaelides, A., Gerthsen, D. & Leisner, T. 

Active sites in heterogeneous ice nucleation-the example of K-rich feldspars. Science 355, 367 

(2017). 

7 Murray, B. J., O'Sullivan, D., Atkinson, J. D. & Webb, M. E. Ice nucleation by particles 

immersed in supercooled cloud droplets. Chem. Soc. Rev. 41, 6519 (2012). 

8 Qiu, Y. Q., Odendahl, N., Hudait, A., Mason, R., Bertram, A. K., Paesani, F., DeMott, P. J. & 

Molinero, V. Ice Nucleation Efficiency of Hydroxylated Organic Surfaces Is Controlled by Their 

Structural Fluctuations and Mismatch to Ice. J. Am. Chem. Soc. 139, 3052 (2017). 

9 Pedevilla, P., Fitzner, M. & Michaelides, A. What makes a good descriptor for heterogeneous ice 

nucleation on OH-patterned surfaces. Phys. Rev. B 96, 115441 (2017). 

10 Pedevilla, P., Cox, S. J., Slater, B. & Michaelides, A. Can Ice-Like Structures Form on Non-Ice-

Like Substrates? The Example of the K-feldspar Microcline. J. Phys. Chem. C 120, 6704 (2016). 

11 Marcolli, C., Nagare, B., Welti, A. & Lohmann, U. Ice nucleation efficiency of AgI: review and 

new insights. Atm. Chem. Phys. 16, 8915 (2016). 

12 Lupi, L., Hudait, A. & Molinero, V. Heterogeneous Nucleation of Ice on Carbon Surfaces. J. Am. 

Chem. Soc. 136, 3156 (2014). 

13 Massey, A., McBride, F., Darling, G. R., Nakamura, M. & Hodgson, A. The role of lattice 

parameter in water adsorption and wetting of a solid surface. Phys. Chem. Chem. Phys. 16, 24018 

(2014). 

14 Bjornehohn, E., Hansen, M. H., Hodgson, A., Liu, L. M., Limmer, D. T., Michaelides, A., 

Pedevilla, P., Rossmeisl, J., Shen, H., Tocci, G., Tyrode, E., Walz, M. M., Werner, J. & Bluhm, 

H. Water at Interfaces. Chem. Rev. 116, 7698 (2016). 



 
 
 
 
 
 
 
 

22 

15 Carrasco, J., Hodgson, A. & Michaelides, A. A molecular perspective of water at metal 

interfaces. Nature Mat. 11, 667 (2012). 

16 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. 138, 3145 (2016). 

17 Thurmer, K., Nie, S., Feibelman, P. J. & Bartelt, N. C. Clusters, molecular layers, and 3D crystals 

of water on Ni(111). J. Chem. Phys. 141, 18C520 (2014). 

18 Maier, S., Stass, I., Mitsui, T., Feibelman, P. J., Thurmer, K. & Salmeron, M. Adsorbed water-

molecule hexagons with unexpected rotations in islands on Ru(0001) and Pd(111). Phys. Rev. B 

85, 155434 (2012). 

19 Nie, S., Feibelman, P. J., Bartelt, N. C. & Thurmer, K. Pentagons and Heptagons in the First 

Water Layer on Pt(111). Phys. Rev. Lett. 105, 026102 (2010). 

20 Carrasco, J., Michaelides, A., Forster, M., Raval, R. & Hodgson, A. A Novel One Dimensional 

Ice Structure Built from Pentagons. Nature Mat. 8, 427 (2009). 

21 Chen, J., Guo, J., Meng, X. Z., Peng, J. B., Sheng, J. M., Xu, L. M., Jiang, Y., Li, X. Z. & Wang, 

E. G. An unconventional bilayer ice structure on a NaCl(001) film. Nature Comm. 5, 4056 

(2014). 

22 Kimmel, G. A., Petrik, N. G., Dohnálek, Z. & Kay, B. D. Crystalline Ice Growth on Pt(111): 

Observation of a Hydrophobic Water Monolayer. Phys. Rev. Lett. 95, 166102 (2005). 

23 Haq, S. & Hodgson, A. Multilayer growth and wetting of Ru(0001). J. Phys. Chem. C 111, 5946 

(2007). 

24 Thürmer, K. & Bartelt, N. C. Nucleation-limited dewetting of ice films on Pt(111). Phys. Rev. 

Lett. 100, 186101 (2008). 

25 Evans, J. S. 'Apples' and 'oranges': comparing the structural aspects of biomineral- and ice-

interaction proteins. Curr. Op. Colloid Inter. Sci.. 8, 48 (2003). 

26 Kajava, A. V. & Lindow, S. E. A model of the 3-dimensional structure of ice nucleation proteins. 

J. Mol. Biol.y 232, 709 (1993). 

27 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. 137, 

13658 (2015). 



 
 
 
 
 
 
 
 

23 

28 Lin, C., Avidor, N., Coren, G., Godsi, O., Alexandrowicz, G., Darling, G. R. & Hodgson, A. 

Two-Dimensional Wetting of a Stepped Copper Surface. Phys. Rev.Lett. 120, 076101 (2018). 

29 Tang, Q. L. & Chen, Z. X. Density functional slab model studies of water adsorption on flat and 

stepped Cu surfaces. Surf. Sci. 601, 954 (2007). 

30 Forster, M., Raval, R., Carrasco, J., Michaelides, A. & Hodgson, A. Water-hydroxyl phases on an 

open metal surface: breaking the ice rules. Chem. Sci. 3, 93 (2012). 

31 Brosseau, R., Brustein, M. R. & Ellis, T. H. Water-adsorption on Cu(100) - the effect of defects. 

Surf. Sci. 294, 243 (1993). 

32 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. 18, 3416 (2016). 

33 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. 

116, 136101 (2016). 

34 Feibelman, P. J. & Alavi, A. Entropy of H2O wetting layers. J. Phys. Chem. B 108, 14362 (2004). 

35 Feibelman, P. J. A wetting layer breaks the ice rules. Chem. Phys. Lett. 410, 120 (2005). 

36 Gillan, M. J., Alfe, D. & Michaelides, A. Perspective: How good is DFT for water? J. Chem. 

Phys. 144, 4944633 (2016). 

37 Zimbitas, G. & Hodgson, A. The morphology of thin water films on Pt(111) probed by 

chloroform adsorption. Chem. Phys. Lett. 417, 1 (2006). 

38 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. 126, 114702 

(2007). 

39 Mehlhorn, M. & Morgenstern, K. Height analysis of amorphous and crystalline ice structures on 

Cu(111) in scanning tunneling microscopy. New J. Phys. 11, 093015 (2009). 

40 Bockstedte, M., Michl, A., Kolb, M., Mehlhorn, M. & Morgenstern, K. Incomplete Bilayer 

Termination of the Ice (0001) Surface. J. Phys. Chem. C 120, 1097 (2016). 

41 Batista, E. R. & Jonsson, H. Diffusion and Island formation on the ice Ih basal plane surface. 

Comp. Mat. Sci. 20, 325 (2001). 

42 Feibelman, P. J. Lattice match in density functional calculations: ice Ih vs. beta-AgI. Phys. Chem. 

Chem. Phys. 10, 4688 (2008). 



 
 
 
 
 
 
 
 

24 

43 Fang, Y., Xiao, B., Tao, J. M., Sun, J. W. & Perdew, J. P. Ice phases under ambient and high 

pressure: Insights from density functional theory. Phys. Rev. B 87, 214101 (2013). 

44 Klimes, J., Bowler, D. R. & Michaelides, A. Chemical accuracy for the van der Waals density 

functional. J. Phys. Cond. Mat. 22, 022201 (2010). 

45 Klimes, J., Bowler, D. R. & Michaelides, A. Van der Waals density functionals applied to solids. 

Phys. Rev. B 83, 195131 (2011). 

46 Carrasco, J., Santra, B., Klimes, J. & Michaelides, A. To wet or not to wet? Dispersion forces tip 

the balance for water ice on metals. Phys. Rev. Lett. 106, 026101 (2011). 

47 Chen, J., Schusteritsch, G., Pickard, C. J., Salzmann, C. G. & Michaelides, A. Double-layer ice 

from first principles. Phys. Rev. B 95, 094121 (2017). 

48 Kimmel, G. A., Matthiesen, J., Baer, M., Mundy, C. J., Petrik, N. G., Smith, R. S., Dohnalek, Z. 

& Kay, B. D. No Confinement Needed: Observation of a Metastable Hydrophobic Wetting Two-

Layer Ice on Graphene. J. Am. Chem. Soc. 131, 12838 (2009). 

49 Stacchiola, D., Park, J. B., Liu, P., Ma, S., Yang, F., Starr, D. E., Muller, E., Sutter, P. & Hrbek, 

J. Water Nucleation on Gold: Existence of a Unique Double Bilayer. J. Phys. Chem. C 113, 

15102 (2009). 

50 Zimbitas, G., Gallagher, M. E., Darling, G. R. & Hodgson, A. Wetting of mixed OH/H2O layers 

on Pt(111) J. Chem. Phys. 128, 074701 (2008). 

51 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. 

106, 226101 (2011). 

52 Corem, G., Kole, P. R., Zhu, J. D., Kravchuk, T., Manson, J. R. & Alexandrowicz, G. Ordered 

H2O Structures on a Weakly Interacting Surface: A Helium Diffraction Study of H2O/Au(111). J. 

Phys. Chem. C 117, 23657 (2013). 

53 Kresse, G. & Furthmuller, J. Efficient iterative schemes for ab initio total-energy calculations 

using a plane-wave basis set. Phys. Rev. B 54, 11169 (1996). 

54 Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave 

method. Phys. Rev. B 59, 1758 (1999). 

55 Klimes, J., Bowler, D. R. & Michaelides, A. J. Phys. Cond. Mat. 22, 022201 (2010). 

56 Klimes, J., Bowler, D. R. & Michaelides, A. Phys. Rev. B 83, 195131 (2011). 



 
 
 
 
 
 
 
 

25 

57 Hanke, F., Dyer, M. S., Bjork, J. & Persson, M. Structure and stability of weakly chemisorbed 

ethene adsorbed on low-index Cu surfaces: performance of density functionals with van der 

Waals interactions. J. Phys. Cond. Mat. 24, 424217 (2012). 

58 Hamada, I. van der Waals density functional made accurate. Phys. Rev. B 89, 121103 (2014). 

59 Tersoff, J. & Hamann, D. R. Theory And Application For The Scanning Tunneling Microscope. 

Phys. Rev. Lett. 50, 1998 (1983). 

60 Lorente, N. & Persson, M. Theoretical aspects of tunneling-current-induced bond excitation and 

breaking at surfaces. Faraday Discuss. 117, 277 (2000). 

 

  



 
 
 
 
 
 
 
 

26 

TOC Graphic 

 

 

 

 


