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Abstract 

Water and its fragments are present on metal surfaces under all but the most extreme conditions, 

acting both as a reactive species and as a ligand in ways that have yet to be fully explored.  This 

review focuses on experimental studies of the chemical species and hydrogen bonding structures that 

form in the first layer adsorbed on a metal surface. The development of non-invasive probes that 

avoid dissociating water, or disrupting fragile bonding structures, now allows experiments to 

distinguish between different structural models for water and its fragments at the surface, allowing us 

to test the accuracy of modern structural calculations and provide a better picture of how the metal 

surface influences the structures and chemical species present. We start by describing the behaviour 

of Pt(111), whose redox chemistry is important in electrochemical fuel cells and has been studied in 

detail, providing a good reference system against which to discuss the effect changing the surface 

symmetry and metal reactivity has on the interface structure. Evidence for the presence and the role 

of hydroxyl and hydrated ’hydronium’ species is described and we discuss the outlook for future 

experiments and identify some questions that remain to be resolved. 
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1. Introduction 

For pragmatic reasons, the influence of water and its chemical fragments is often neglected when 

experimental studies address the reactivity of metal surfaces. Models for surface reaction generally 

treat just the chemically active species, with water considered simply part of the background 

environment, being mobile and labile at room temperature but not playing any explicit role in the 

process. However, this situation is perhaps less common than we might like to think. Water and its 

fragments play a key role in surface redox processes involving hydrogen containing species, such as 

are involved in Pt catalysed fuel cell reactions [1-4] and photocatalysis [5,6], while it is increasingly 

apparent that water may play a hitherto unrecognised role in the kinetics of many other surface 

processes, particularly reactions involving proton transfer steps during surface catalysis [7,8]. The 

presence of water, or particularly hydroxyl, can play a key role in determining the structure and 

coverage of other species during surface reaction, and understanding water adsorption is key to 

addressing ice nucleation and growth, corrosion and many other surface phenomena [9]. In addition, 

STM studies of water at solid surfaces provide an ideal environment to study the details of the H-

bond, proton transport and tunnelling in a well defined local environment [10-16]. 

 

In order to predict how water and its fragments will behave in different surface environments requires 

us to develop detailed molecular scale models for the water–surface and water-water interaction. The 

challenge here is that hydrogen bonding interactions play a significant role in determining the relative 

stability of different structures and the chemical species that are formed at the surface, posing a 

challenge for both experiments and theory. Experimentally it has been difficult to characterise water 

and extended hydrogen bonded (H-bonded) structures without damaging them [17-20], while 

distinguishing intact water from mixed hydroxyl phases is not straight forward [21]. For theory, the 

need to model weak H-bonding interactions alongside stronger surface chemisorption interactions is a 

challenge for the accuracy of theoretical techniques, since the system may have many possible states 
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of very similar energy but quite different structure [22,23]. In contrast to bulk water, where there has 

been a long tradition of model development aimed at detailed simulation of liquid water and its 

physical properties by molecular dynamics, model potentials for the water-solid interface are much 

less developed [24]. The challenge of understanding in detail how water and its fragments, such as 

OH, H and their hydrated species, interact with metal surfaces has attracted much attention over the 

last decade as new experimental techniques and more sophisticated calculations are employed to 

tackle this problem [25-27]. In particular, the development of less destructive probes of surface 

structure has complimented improved density functional theory (DFT) calculations, which include 

dispersion interactions, to allow both a more critical examination and interpretation of experiments 

and a proper test of the ability of calculations to distinguish different adsorption structures. 

 

In this review we will explore the behaviour of water at metal surfaces by describing in detail what is 

known about water on Pt(111), easily the most extensively studied system, and comparing this to 

other interfaces to illustrate the influence of the metal and its symmetry on water adsorption. Progress 

in the area has been possible as a result of technique developments to make conventional surface 

probes less destructive. Early studies were often compromised by electron damage or oxygen 

contamination, both of which dramatically change the water structure [27]. Thermal desorption 

spectroscopy (TDS or TPD), vibrational spectroscopy (RAIRS or EELS), X-ray photoelectron 

spectroscopy (XPS) or adsorption (XAS), work function (!") measurements and diffraction 

techniques such as low energy electron diffraction (LEED) and He atom scattering (HAS), have all 

been developed to examine ordered water interfaces without damage to the films, while scanning 

tunnelling microscopy (STM) [25] provides new insight into the local arrangement and H-bonding, 

particularly in low dimensional or disordered systems. These experiments demonstrate the flexibility 

of water to adapt its H-bonding network to a particular surface environment and provide insight into 

the competition between optimising the surface and H-bonding interactions. Structural models for 
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adsorption obtained from these detailed studies allow us to build a picture of the behaviour of water 

and hydroxyl at different metal surfaces, and how this depends on the local symmetry and chemical 

activity of the metal surface, which can then be extrapolated to more complex adsorption systems.  

 

2    Intact water structures on metal surfaces 

2.1 Water adsorption and the bilayer model 

When water is adsorbed on close packed transition metal surfaces as an isolated molecule it adopts a 

roughly planar arrangement, with water lying flat, close to atop a metal atom [28], allowing the water 

1b1 orbital to interact strongly with the metal [28-30]. The binding energy of such an isolated water 

molecule is in the range 0.1 to 0.5 eV [28,29], similar to that of a water-water hydrogen bond (0.25 

eV), with the result that the metal-water interface is finely balanced between favouring wetting (i.e. 

forming a continuous 2D layer) on more reactive metals and 3D cluster formation on more inert 

surfaces. Vibrational spectroscopy measurements show that adsorption stabilised by a combination of 

direct interaction with the surface and water-water hydrogen bonding. Thermal desorption studies 

indicate that water forms a well-defined, stable first layer on the close packed surfaces of Pt, Rh, Ru 

and Ni, whereas it aggregates to form multilayer clusters on the more inert Group 1b metals, Cu, Ag 

and Au [26,27], where the binding energy to the metal is too low to support a thermodynamically 

stable wetting layer.  
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Figure 1. Structural models showing the commensurate ‘icelike bilayer’ arrangement originally proposed for water 

adsorption on f.c.c. (111) surfaces. Left hand frames show the upper half of the bilayer containing water bound ‘H-up’, 

and the right an ‘H-down’ configuration. Oxygen atoms are depicted dark (red) with hydrogen atoms light (white).  

 

The lattice parameter of the transition metals is similar to the lateral repeat of ice Ih(0001), and early 

LEED measurements reported a (#3 x #3)R30° structure on several close packed surfaces [31]. To 

explain this simple commensurate arrangement it was proposed that water formed an ‘icelike’ 

bilayer, with water arranged in a buckled hexagonal network, similar to the Ih(0001) planes found in 

bulk ice [32]. This bilayer arrangement is shown in Figure 1a, and allows half of the water molecules 

to bond to the metal via their O atom, with the other water molecules bound in a pseudo-tetrahedral 

arrangement above the first layer, completing the hydrogen bonding network. The uncoordinated OH 

either points ‘H-up’ away from the surface, or ‘H-down’ towards the metal (Fig. 1b) [33]. In the 

bilayer model the metal surface acts as a template in place of bulk ice, stabilising the hydrogen 

bonded water molecules in registry with the surface. Reports of a c(2x2) structure on the open (110) 

surfaces of Cu and Ni suggested the bilayer arrangement could be distorted to fit a rectangular unit 
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cell, (Figure 2), and the bilayer model was rapidly adopted as the default model for water adsorption 

on solid surfaces.  

 

 

 

Figure 2. Arrangement proposed for water adsorption on a f.c.c. (110) surface as a distorted ice bilayer arranged in a 

c(2x2) unit cell. 

 

Despite its widespread use, the bilayer model has an intrinsic contradiction - the substrate is assumed 

to interact sufficiently weakly with the water H-bonding network that it does not significantly perturb 

formation of an icelike, tetrahedral water coordination network, yet the binding energy of water to the 

surface must be sufficient to cause 2D wetting in preference to 3D ice cluster formation and 

sufficiently corrugated to force the ice film to bind in registry with the metal surface. New 

experiments find that an ice bilayer structure is not in fact a stable monolayer structure on plane 

metal surfaces, instead water forms more complex networks that depend on the symmetry and 

chemical identity of the surface. Although the bilayer model has been superseded by a more complete 
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understanding of the factors influencing water structure at the interface, the naïve assumption that 

first water layer forms a 2D icelike layer on solid surfaces remains firmly embedded in the literature.  

  

2.2 Experimental considerations 

Before we describe the behaviour of water on particular surfaces, it is useful to indicate why it has 

taken some thirty years since the first studies of water ordering at surfaces appeared to reach a point 

where there are detailed models of water adsorption available on several surfaces. A particularly 

important advance is in the description of water adsorption on solid surfaces by DFT [23,34], which 

nowadays provides a critical way to examine different structural models and can be used to 

discriminate alternative interpretations of experimental data and predict how different surfaces will 

behave. Coupled with the ability to critically assess different water structures comes a greater clarity 

about the experimental issues that complicate studying water at interfaces. Perhaps the most 

significant experimental issue in studying ice films, and certainly the one which has compromised 

many of the earlier studies, is the extreme sensitivity of water/metal interfaces to electron induced 

dissociation, which creates strongly chemisorbed OH that may restructure the water layer 

[17,18,20,21,33,35-46]. In some cases the dissociation process is autocatalytic [47], exacerbating the 

problem of keeping the electron dose sufficiently low as to avoid damage. If appropriate precautions 

are taken, such as rastering the electron beam across the surface, both XAS/XPS [19] and LEED [48] 

can be used successfully to study water films without damaging the structure. Related to this issue is 

the realisation that a very low concentration of an impurity can disrupt the first layer H-bond 

network, particularly when the unit cell is large. For example, less than 0.25% of a monolayer of O 

on Pt(111) reacts with water to form OH and completely disrupts the pure water phase [21,39,49], 

while adsorbed H can again force the water into simple registry with the metal [50].  
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The final issue complicating experimental measurements is the formation of metastable water 

structures during sample preparation. When water is adsorbed at low temperature onto a solid 

substrate it will form clusters, partially ordering on the surface and growing to form an amorphous 

solid water (ASW) phase [51,52]. Often the structure is formed by annealing an ASW film in 

vacuum, relying on the water relaxing into the equilibrium structure before it desorbs. However, 

crystallisation of bulk water is difficult to achieve simply by cooling water, instead it super-cools, 

and surface crystallisation also requires long range organisation of the water to form large unit cell 

structures. Even during extended annealing, metastable H-bonded networks formed during low water 

temperature adsorption may not relax into the equilibrium structure, particularly when the water – 

metal interaction is relatively strong or dissociation can occur, as on Ru(0001) [18,53]. One way to 

avoid metastable first layer structures is to ensure water can adsorb and desorb reversibly during film 

growth, but this is difficult to achieve while controlling the coverage and requires accurate flux and 

temperature control (better than ca. ±0.1 K, to control the desorption rate, Figure 3) [35]. In practice 

most studies rely on annealing the film, which implies that we must always consider whether the 

surface obtained is the minimum energy structure or is in fact a metastable, kinetic structure formed 

during growth.  
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Figure 3. Adsorption of water on the Pt(1 1 1) surface under conditions chosen to allow reversible multilayer growth [35]. 

The net adsorption probability is shown as a function of surface temperature for a fixed water flux. By adjusting the 

temperature and flux of water closely it is possible to ensure water is mobile on the surface, adsorption is reversible and 

the film has the opportunity to find the minimum energy structure. Adapted from ref. [35]. 

 

The experimental data that underpins new models for water adsorption comes from a range of 

techniques, including both global, non-local measurements, such as TPD, vibrational spectroscopy 

(RAIRS or EELS), XPS or XAS, !" measurements and diffraction techniques such as LEED and 

HAS, and increasingly from local structural probes such as STM [25]. Each of these techniques have 

their advantages and particular limitations. XPS/XAS provide information about the chemical 

identity of the water (OH or intact) and the orientation of uncoordinated H atoms towards or away 

from the metal surface, provided electron damage can be mitigated. Vibrational spectroscopy can 

give information about the orientation of OH groups perpendicular to the surface plane, and in some 

cases can identify particular water binding sites within a structure, while work function 
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measurements provide a measure of the orientation of the water dipoles and global charge 

rearrangement during adsorption. Interpretation of data from non-local probes relies heavily on the 

availability of reliable theoretical models for the water structures formed, and becomes particularly 

powerful when combined with accurate and insightful DFT calculations. Although quantitative 

LEED studies can provide direct structural determination akin to that obtained from DFT models, this 

has been achieved only for a couple of simple water structures [39,48].  In contrast, STM provides 

unique information about the local H-bonding network, and is able to image low dimensional 

structures or systems that have little or no long range order. Like the other techniques mentioned, 

STM has its own restrictions to contend with. Images of water do not typically show the internal 

structure or H orientation, water imaging only as a diffuse feature [54]. This makes it difficult to 

resolve small clusters unless they can be formed by direct manipulation, so that interpretation of STM 

images often requires DFT simulations or other information on the water structure. Resolution may 

also be restricted by tip induced motion of water or H-bond rearrangement, while the difficulty of 

controlling the sample temperature accurately in the range where water is mobile make it susceptible 

to finding metastable structures. Generally, reliable interpretation of water structures is achieved only 

when data from several techniques is combined with detailed theoretical simulations. 

 

2.3 Water adsorption on Pt(111) 

Early IR studies of water on Pt(111) showed that water forms hydrogen bonded networks, implying 

that water is stabilised by both hydrogen bonding and the direct interaction with the surface [55,56]. 

Adsorption-desorption studies indicate that the surface wets, forming a discrete first layer of water 

that desorbs at 170 K with an activation energy of 52±2 kJ mol-1 [35]. Further water adsorption leads 

to the formation of a multilayer, which has a slightly lower binding energy than the first layer (Ea = 

50 kJ mol-1) and desorbs above ca. 150 K. LEED studies originally reported a simple commensurate 

(#3 x #3)R30° structure, but the full complexity of the first water layer became apparent only with 
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the use of non-invasive HAS [57] and low current LEED [20,35] which were able to probe the first 

water layer without causing damage. The diffraction results reveal water forming well ordered islands 

with a (#37 x #37)R25° unit cell at a coverage below 1 ML [20,35,57]. Completion of the first layer 

causes this phase to restructure into a (#39 x #39)R16° structure, compressing the film to incorporate 

more water into the first layer. Although the two different structures have quite different unit cells, 

they have a very similar binding energy and interconvert reversibly as the coverage is changed. 

Earlier reports of the simple (#3 x #3)R30° first layer were shown to be caused by formation of 

mixed OH/H2O structures, formed either by electron induced dissociation [20] or by reaction with 

adsorbed O atoms [21,39]. 

 

The large size of the water unit cells prevent direct structural analysis from the diffraction data, but 

simulation of XAS and XPS [33] data indicates that the majority of the uncoordinated OH groups 

point towards the metal surface, not away from it, as envisioned in the bilayer model. This conclusion 

is consistent with electronic structure calculations [33] that find water networks arranged in a simple 

(#3 x #3)R30° unit cell are more stable when the uncoordinated H atom is directed towards the 

surface, rather than away from it, as shown in Fig. 1b. In this arrangement the polar OH groups are 

directed towards the metal and are screened effectively by the metal electrons, lowering the energy of 

the surface. These results clearly indicate that water adsorption is not driven simply by the formation 

of high coordination, tetrahedral hydrogen bonding networks, as it is in bulk ice, but instead the water 

layer is arranged to optimise both the hydrogen bonding network and the water-metal interaction.  
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Figure 4. Schematic showing the arrangement of water in the (#39 x #39)R16° structure formed on Pt(111) based on DFT 

simulations of the STM images [58]. The six water molecules that bind close to the metal as a flat ring are shown with O 

shaded light (yellow), while the remaining network of water that is further from the surface has O shaded dark (red).  

  

A better insight into the organisation of the water layer on Pt(111) is provided by high resolution 

STM images of the water layer [58,59]. STM images reveal dark, triangular shaped depressions in the 

water network, embedded within a network of hexagonal rings that is rotated by 30° from the 

direction expected for the commensurate (#3 x #3)R30° network. Electronic structure calculations 

were able to simulate STM images for the (#37 x #37)R25° and (#39 x #39)R16° structures based on 

a water network built around a hexagon of 6 water molecules lying flat on the surface [58], bonded 

atop Pt, as shown in Figure 4. The flat water hexagon is surrounded by three 5 and three 7 membered 

rings that embed this ‘di-interstitial defect’ within a hexagonal network of water that is oriented 

largely H-down towards the metal. The arrangement of 5 and 7 member rings that links the flat water 

hexamer into an extended 2D structure is similar to the low energy defect found in graphene sheets 
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[58], and DFT calculations find this arrangement is more stable than either an icelike bilayer or other 

ordered commensurate arrangements.  

 

The driving force to form this defect structure appears to be formation of the flat lying hexagon of 

water, tightly bound to the metal surface, with the remainder of the water adsorbed largely H-down to 

complete the hydrogen bonding network. This arrangement places O some 0.4 Å closer to the metal 

surface than calculated for a more conventional H-down (#3 x #3)R30° arrangement, and 0.6 Å 

closer than in an H-up bilayer. Formation of a flat hexamer maximises the interaction with the metal 

surface, but its presence in a water network on Pt(111) is unexpected. A flat hexamer is calculated to 

be the stable arrangement for an isolated hexamer cluster on reactive metal surfaces, such as 

Ru(0001) [53], Figure 5, whereas on less reactive surfaces, such as Pt(111) or Ag(111), the isolated 

hexamer cluster is expected to form a buckled arrangement, optimising the tetrahedral water H-bond 

geometry at the expense of a reduced number of water-metal bonds [30]. Formation of the host water 

network in the #39 structure (Figure 4) evidently stabilises the flat water hexamer on Pt(111). A 

comparison of the IR spectra for the water layer with simulations of the vibrational modes identified 

the presence of an OH-stretch band red-shifted by more than 1000 cm-1 that can be associated with 

the very short H-bonds in the di-interstitial motif [60]. The H-down arrangement is also consistent 

with the absence of the free OH peak in the IR spectrum of water on Pt(111) [35,60-62], the 

uncoordinated OH stretch instead being red shifted and broadened by interaction with the surface. 

The bonding motif discovered on Pt(111) creates a tightly bound flat water hexagon that binds water 

in its favoured atop site, and similar H-bond networks have been found on other close packed metal 

surfaces (section 2.4). 
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Figure 5.  Comparison showing the water hexamer geometry expected for different metal surfaces. Left hand side shows 

the buckled geometry calculated for adsorption on less chemically active metals, such as Cu, Ag, Au, Pd and Pt, while the 

right hand frames show the planar geometry obtained on more reactive systems, such as Ru. 

 

2.4 Comparison to other close packed metal surfaces 

The complexity of water adsorption on Pt(111) is a reflection of the similarity between the water-

water and water-surface bond strength and the need to optimise both interactions simultaneously. 

However, the two types of bonding intrinsically set conflicting requirements; the strongest hydrogen 

bonding network is obtained with water in a tetrahedral environment, ideally forming 4 H-bonds to 

other water molecules, but the strongest interaction with the surface is obtained by adsorbing water 

flat atop a surface metal atom. Although it is possible to create a single flat hexagon of water bonded 

commensurate with the metal on a close packed surface, such as on Ru(0001) [53], increasing the H-

bond coordination from 2 to 3 to create an extended 2D island requires some of the water molecules 

to rotate out of plane, leaving an uncoordinated OH group that may point either towards or away 

from the surface. As a consequence there is an immediate tension between creating extended 2D 

structures or forming small flat water clusters tightly bound to the surface. Whether the balance lies 

in favour of extended 2D structures, as it does on Pt(111), or smaller clusters, depends on the relative 
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strength of the water-water and water-metal bonds. The structures formed may also become very 

sensitive to the adsorption temperature, since gaining the optimum water-water H-bonding requires 

long range order. At low temperature the reduced mobility can cause water to trap into metastable, 

kinetically formed structures that may be unable to relax to the thermodynamic ground state.  

 

 

 

Figure 6. Model of a water rosette type cluster on Pd(111), flat/low lying water molecules have light (orange) coloured 

oxygen atoms, tilted water molecules (located further away from the surface) have dark (red) oxygen atoms. 

 

An example of this behaviour is water on Pd(111) [63,64]. STM images of adsorption on Pd(111) at 

100 K find that water forms flat clusters or open chains that do not completely cover the surface [63]. 

Rosette-type clusters are observed, consisting of seven water rings, bound commensurate atop Pd, 

Fig. 6, allowing the majority of the water to adsorb flat, maximizing the water-surface bonding and 

minimizing the number of uncoordinated H atoms. The chain structures contain water molecules 

adsorbed in commensurate flat hexagons, linked by a minimum number of tilted, H-down water 

molecules. This structure again maximises the number of flat water molecules bound tightly to the 

surface, but has a reduced average coordination number. The chain and rosette type structures are 



18 
 
 
 
 
 

metastable, formed by diffusion of isolated flat water molecules and trapped into kinetically stable 

networks. Annealing these structures creates larger 2D islands, which again show low lying 

hexagonal water rings, bound commensurate to the metal, along with brighter rings rotated 30° to the 

metal that are associated with a H-down water network [64].  Water clusters are arranged with the 

rotated H–down water networks in the centre of the islands, surrounded by a flat water network, 

allowing the cluster to maximize the water-surface bonding for a particular cluster size. As for the 

extended 2D water layer on Pt(111), the boundary between the flat and rotated hexagonal rings of the 

H-down water is associated with 5 and 7 ring defects in the H-bonding network. Extended annealing 

causes the water layer to order up, forming an extended network that is presumably similar to the 

structure formed on Pt [65]. Measurements on Ni(111) also find that this surface orders into a large 

unit cell, albeit rather more weakly than on Pt, in this case forming a (#28 x #28)R19° structure [66]. 

STM images find the water again forms flat rosettes and structures resembling the flat / rotated H-

down ring arrangement found on Pt(111) [67].  

 

From an experimental point of view, water adsorption on Ru(0001) is more complex to interpret, 

since dissociation competes with desorption for H2O, whereas D2O, which has a lower zero point 

energy, adsorbs and desorbs intact from a clean surface [18]. The IR spectrum indicates that water 

forms small flat clusters at low coverage, the spectrum changing as the water structure buckles at 

higher coverage as the cluster size increases [53]. Water is pinned tightly into registry with Ru, the 

higher binding energy favouring a flat hexamer to the buckled structure and making water structures 

difficult to order by annealing without causing dissociation. Adsorption at temperatures close to the 

desorption temperature results in a commensurate (#3 x #3)R30° structure in LEED [53], but HAS 

shows the surface remains disordered and does not form a simple ordered layer [68]. STM studies 

find small clusters containing flat and rotated, H-down, rings at low temperature [64], similar to the 

di-interstitial defects seen on Pt and Pd. After extended annealing at 145 K water forms long narrow 
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(#3 x #3)R30° stripes two rings wide, consisting of a chain of face sharing hexagons aligned along 

the close packed directions, maximizing the number of flat water molecules [46]. It is clear the strong 

bond between water and Ru hinders formation an ordered 2D phase similar to that seen on Pt, instead 

the surface prefers to form smaller islands of commensurate flat (#3 x #3)R30° water containing a 

minimum number of H-down water molecules. This arrangement sacrifices a high water coordination 

number for a strong water-metal interaction.  

 

Although the hexagonal arrangement of atoms in the surface of a (111) close packed metal was 

originally believed to provide a good template to grow commensurate ice Ih(0001) layer, the results 

described above show the water structures produced are more complex. Water does not maintain a 

simple commensurate atop adsorption site, preferring to form small flat clusters that may assemble 

into an extended H-down rotated network via the 5/7 ring defect structure. One way to destabilize flat 

water hexamers is to change the symmetry of the surface to allow only 3 water molecules in any ring 

to bind to the surface, matching the arrangement of water in an ice Ih(0001) layer. This can be 

achieved by creating a (#3 x #3)R30° alloy, for example by alloying Sn into a transition metal 

surface, as shown in Figure 7 [48].  
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Figure 7.  Structure of the commensurate proton ordered water layer formed on the Pt(111) - Sn(#3 x #3)R30° surface. 

The Sn (darker atoms) form an ordered array on which water binds flat via the O atom, with the H-bonding network 

completed by water molecules arranged H-down towards the metal surface. The section on the right shows the calculated 

geometry, which is closely reproduced by LEED IV [48]. 

 

When water is adsorbed on a Pt(111) - Sn(#3 x #3)R30° surface it forms a proton ordered wetting 

layer with a simple commensurate (#3 x #3)R30° structure [48]. HAS and LEED IV show water 

forms a flat structure, containing a hexagonal network of water bound flat above the Sn atoms and 

interlinked by H-down water molecules. This H-down bilayer structure agrees closely with that found 

from DFT calculations, and is very similar to the H-down bilayer proposed originally for adsorption 

on Pt(111) [33]. The flat lying water molecule interacts directly with the Sn, while the H that points 

down towards the Pt shows an increased charge and strong screening by the metal, forming an 

‘agostic’ bond. The Sn atom is buckled out of the surface, allowing the H-down water to bind with O 

at the same height as the flat water atop Sn, creating a stable planar arrangement. Changing the alloy 

to create a different Sn arrangement in the surface, e.g. a (2x2) alloy, completely changes the water 

network, which again reverts to a complex network with a large unit cell, in this case a (#52 x 

#52)R14° structure. 

 

The PtSn surface has a lateral spacing 7% greater than for bulk ice, creating a planar hexagonal 

network of water with a 2% expansion in the O-O bond distance compared to ice. Changing the host 

metal to Pd, Rh, Cu or Ni reduces the Sn spacing, with Cu and Ni representing a lateral compression 

compared to bulk ice. To maintain a commensurate structure with water adsorbed above Sn the water 

layer would have to buckle, reducing the interaction between either the flat or the H-down water 

molecules and the metal surface. In practice water does not wet these surfaces and adsorption instead 

forms 3D clusters [69]. This result suggests that the planar arrangement of water with a close 

interaction between both the flat and the H-down water molecules is necessary to stabilize a simple 
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commensurate structure. It also gives us an insight into exactly why the simple water bilayer 

originally proposed for plane metal surfaces is not stable; rotating the H-down water molecules 

shown in Fig. 7 so that the H points away from the surface will reduce the screening of the OH dipole 

by the metal electron density, while buckling the structure will cause the flat water molecules to 

rotate out of the surface plane, reducing the interaction of the water 1b1 orbital with the metal. 

 

2.5 Open metal surfaces 

Unlike close packed hexagonal metal surfaces, the square f.c.c. (100) surfaces have received little 

experimental attention, and we do not know clearly which surfaces form a continuous wetting layer 

and which do not. Of the (100) surfaces which do wet, the density and hydrogen bonding network is 

unknown. IR measurements indicate that water forms hydrogen bonded clusters on the Au(100) 

surface, consistent with a non-wetting surface [70], while some surfaces, such as V(100) [71], 

dissociate water. A number of computational studies have looked at adsorption on square (100) 

surfaces, often in parallel with calculations of the equivalent close packed surface [72-83]. DFT 

calculations again find that isolated water prefers to bind flat, close to the metal atop site or towards 

the bridge position, as on the close packed surfaces. The lack of clear experimental information on 

the water network formed prevents direct comparison, but calculations often simply assume that 

water forms a dense (1x1) layer [80]. Molecular dynamics calculations simulating this disordered 

first layer show how the unfavourable surface symmetry modifies wetting compared to the hexagonal 

surfaces [84] and predict the thermodynamically stable structures [79]. Simulations find that the 

density of water in the first layer is determined by the lateral strain of packing the water into the 

commensurate (1x1) network. Strain in the first layer of water is relieved by formation of water 

vacancies which can create either 1D or 2D water networks [79]. The simulations indicate that both 

the multibody and long-range interaction potential of water, as well as the lattice topology of the Pt 
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surfaces, are important factors for an accurate prediction of the adlayer structure on Pt. However, 

there is presently little experimental data on which to test predictions of wetting and lateral ordering. 

 

 

 

Figure 8.  Water structures formed on Cu(110), a) shows the 1D chain structures formed along the [001] direction at low 

coverage [85,86] and (b) the 2D (7 x 8) structure formed at higher coverage [17] (images 120 x 140 Å and 300 Å2 

respectively, [87]). Frame (c) shows the arrangement of water in the 1D chains, as obtained by DFT [85]. 

 

There has been rather more work on the rectangular (110) surfaces. Several early studies reported a 

c(2x2) overlayer formed on Ni(110) and Cu(110) surfaces, but more recent experiments have shown 

this structure originates from OH coadsorption [88,89], discussed in Section 3. The Cu(110) surface 

has been investigated in detail and shows elegantly how changing the symmetry and spacing of the 

metal template can dramatically change the water structure. Water will adsorb and desorb intact on 

clean Cu(110) at low temperatures, the first layer desorbing at ca. 170 K [17] without dissociation. 

The low coverage structure is unusual, consisting of extended 1D chains of water adsorbed along the 
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<001> direction, perpendicular to the close packed Cu rows [86], Figure 8a. Increasing the water 

coverage pushes the water chains progressively closer together, until at some point they become 

unstable with respect to formation of a continuous, 2D (7 x 8) water structure, shown in Figure 8b. 

The structure of this intact 2D layer is unknown, and its large size and weak ordering make it difficult 

to analyse. In contrast to water on Pt(111), the IR and XAS results indicate at least some of the 

dangling OH groups on this surface point away from the metal [17], while STM images suggest the 

network may involve both 5, 6 and 7 member water rings, as found on the close packed Pt surface. 

Desorption of the 2D water film results in the reappearance of the 1D chains, implying that the 1D 

structure is the thermodynamically stable intact structure on Cu(110). 

 

Based on DFT simulations of different possible structures, the distinctive IR spectra, the STM 

images, and their overall binding energy, the water chains can be assigned as chains of face sharing 

pentamers. The pentamers are arranged with four waters bound flat, atop Cu atoms, with the ring 

completed by one double acceptor water that is rotated out of the surface plane between the Cu close 

packed rows [85] , Figure 8c. These units are arranged in an extended chain, sharing opposite faces to 

create the zig-zag arrangement of dangling OH groups that is seen in STM images. This structure has 

a lower average coordination number than a continuous 2D layer, (2.67 compared to 3.0 H-bonds per 

water), but this arrangement allows 2/3 of the water molecules to adsorb in their optimum atop site, 

maximising the water-surface interaction at the expense of a reduced coordination. The formation of 

hexamer chains is unfavourable, since the short Cu-Cu spacing would require a ca. 1 Å compression 

of the ring, making hexamer based structures unstable. The 1D chains repel each other with a 1/d 

energy dependence, become increasingly less stable as the coverage is increased and the chains get 

closer together, until at some point the 2D structure becomes more stable and islands of (7x8) water 

form. Although there is no direct experimental evidence about the intact structures formed on other 

f.c.c.(110) surfaces, DFT can predict how changing the metal lattice spacing changes the relative 



24 
 
 
 
 
 

energy of pentamer and hexamer structures on metals besides Cu. The DFT calculations suggest that 

a pentamer chain structure will be favoured on surfaces with a smaller lattice spacing than Cu, such 

as Ni(110), but a hexamer chain would be more stable on metals such as Ag and Pd, that have a 

larger lattice spacing [85].  

 

2.6 Stepped surfaces 

STM studies of water on Pt(111) [90] show that water preferentially decorates the step edge, forming 

extended molecular chains on the upper step edge, with water growth extending across the terrace 

from the lower step edge as the coverage is increased. Low temperature adsorption on Ag(111) also 

shows a similar pattern of 1D decoration of the upper step edge with growth of an amorphous 2D 

structure from the lower step edge [91]. DFT calculations for water on Pt [28,92,93] and other 

surfaces [94,95], reveal a greatly increased binding energy for water on the upper step edge, with a 

monomer binding energy typically 50 to 100% greater than on the terrace. Stabilisation of water at 

steps is consistent with the increased binding energy of water found on roughened Pt(111) surfaces 

[96]. Water monomers bind in a tilted geometry, sitting with O atop a step atom, with one H atom 

pointing down towards the lower terrace and the other pointing along the step in the plane of the 

upper terrace [94].  

 

The increase in water binding energy at the step can be associated with a reduced metal d band 

occupancy on the upper step site, which creates a substantial dipole at the step [90,97]. An increase in 

binding energy on the step is also observed for other closed shell species, implying that this 

behaviour is general. DFT simulations find that extended 1D chains having a zig-zag arrangement are 

stabilised along the upper step edge, with the uncoordinated H atoms pointing alternately towards the 

lower and upper terraces. Pinning of water at step edges helps explain why well ordered water layers 



25 
 
 
 
 
 

have often been difficult to observe experimentally, with large unit cell water structures being very 

sensitive to the presence of any defects that disrupt the extended H-bonding network.  

 

 

 

Figure 9. Schematic showing water chains formed at (a) (100) and (b) (111) or (110) type steps on a close packed metal 

surface. The lower terrace is shaded dark and water forms a zig-zag chain along the upper step edge.  

 

Experiments on surfaces containing a regular array of steps demonstrate that the steps can 

dramatically change the first layer water structure and wetting behaviour compared to the plane 

surface [70,92,97-103]. Moreover, water adsorption is dependant on the particular geometry of the 

steps, (100) or (111) type, with significant differences in their water crystallisation behaviour [102]. 

Grecca et al. [92] showed that water desorption from a Pt(533) surface, consisting of (100) steps 

separated by 4 atom wide (111) terraces, displayed a stabilised desorption peak. This peak 

accommodated at least 0.3 ML of water before a lower temperature shoulder developed, similar to 

the desorption peak from plane Pt(111) and presumably associated with water from the terraces. 

SXRD measurements [98] and NEXAFS [99] data exploring the structure of water concluded this 

was consistent with water ordering into zig-zag chains along the upper (100) step edge on Pt(211), 

which has (100) steps separated by 3 atom wide terraces.  
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Juurlink and coworkers [97,100-103] have made an extensive study of how steps influence water 

adsorption and crystallisation on metal surfaces, comparing a series of stepped surfaces with (100) 

steps separated by terraces of 3, 5 and 7 Pt atoms [101]. Whereas the 3 atom wide terraces showed 

only a low temperature shoulder developing on the step desorption peak as the coverage is increased, 

a well defined peak developed near 170 K for the larger terraces, analogous to the Pt(111) peak. TPD 

indicates that the steps stabilise rather more water molecules than associated just with the step edge 

atoms, suggesting that the steps stabilise hydrogen bonded structures that extend beyond simple 

linear chains at the upper step edge. DFT calculations on the Pt(533) surface showed that zigzag 

water chains decorated with an additional molecule sitting H-down as an acceptor on the lower 

terrace increased the overall binding energy, as did addition of isolated 5 or 6 member rings from the 

chain towards the lower step [97]. The H-down configuration on the lower step edge is stabilised by 

the step dipole, and a similar preference was predicted by Gross et al. for Au steps [80]. Formation of 

contiguous, face sharing chains along the step was not favourable, suggesting the stabilisation 

induced by the step does not lead to an extended, stable 2D structure at this surface. The Pt(553) 

surface, which consists of (111) steps separated by 5 atom wide terraces, shows a well defined high 

temperature desorption peak, associated with the steps, and a distinct peak similar to the clean surface 

peak [104]. STM shows disordered water chains forming along the step edge, but in this case DFT 

[105] predicts that these are comprised of double stranded chains consisting of a linear chain along 

the upper step edge donating H to a H-down chain on the lower step to form face sharing tetragonal 

chains.  

 

The above discussion of the water structure at steps is based on the assumption that water remains 

intact on the Pt steps, as it does on plane Pt(111), but this seems finely balanced. DFT calculations by 

Donadio et al. [106] found that partial dissociation was favourable for water chains at the (111) type 
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steps of Pt(221) while Kolb et al. [107] found that water should partially dissociate on the more open 

(100) type steps but will remain intact on (111) steps. As discussed in more detail later, the stability 

of the OH produced is very sensitive to the final state hydrogen bonding network assumed, which 

changes the energetics significantly for the solution phase compared to in vacuum [108,109]. From 

an experimental point of view, intact adsorption is supported to some extent by spectroscopic data 

[98,99] and by the interpretation of isotopic exchange and thermal desorption measurements that 

suggest OH is favoured on the terrace over the step edge [110]. 

 

The influence of steps can be even more dramatic on otherwise hydrophobic surfaces. Using 

vibrational spectroscopy Ibach [111] showed that a considerable fraction of the H atoms were not 

fully H-bonded on Au(511) and (11,1,1) surfaces, (made up of (111) type steps separated by (100) 

terraces), indicating free OH groups pointing away from the surface. In contrast, water on Au(100) 

surface formed a H-down layer. The fraction of non-H-bonded hydrogen atoms scaled with the step 

density and similar results were found on Ag(511) at low coverage, suggesting a similar adsorption 

behavior [70]. DFT based molecular dynamics simulations [80] find that whereas water forms a 

disordered, unstable flat/H-down network on the plane Au(100) surface, adsorption is stabilized on 

the stepped surface. Water networks containing 4, 6 and 8 member rings were found, containing a 

mixture of H-up and H-down water, the more stable structures having water pointing H-down on the 

lower step edge, stabilized by the step dipole. Adsorption-desorption experiments show that water is 

also stabilized on the Au(310) surface, which has (110) type steps separated by narrow (100) terraces 

[103].  

 

2.7 3D growth of water multilayers 

Because the structure and surface energy of the first water layer is generally quite different to that of 

a bulk ice film, we can expect the growth behaviour of water multilayers to be complex. Thick films 
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of water grown on Pt(111) show a hexagonal LEED pattern, indicative of an ordered, 

incommensurate ice layer whose axis are oriented close to a (#3 x #3)R30° arrangement with respect 

to the surface [62,112]. The formation of this ice film implies the first layer water has restructured, 

lifting the original mirror (#39 x #39)R16° domains to form an incommensurate structure matching 

the Pt(111) surface to the incommensurate ice film. Currently we have no information on the metal-

ice interface structure, but STM images of the growth of a multilayer ice film reveal information 

about the free energy changes. Multilayer growth forms thick ice crystallites several layers thick 

alongside water monolayers [113,114]. The formation of a rough surface with large ice clusters, 

rather than uniform layer by layer growth, reflects the energy cost of creating the ice-Pt(111) 

interface in place of the (#39 x #39)R16° water monolayer. In fact the (#39 x #39)R16° layer only 

completely disappears when some 50 layers of water are deposited at 140 K [61,62], but, once 

formed, the 3D ice crystallites grow as large, flat terraces. Instead of simply forming the stable ice Ih 

form, cubic ice Ic is favoured kinetically during rapid growth via step flow of screw-dislocations that 

originate above the site of Pt steps, avoiding the need for (slow) nucleation of a new ice layer on the 

surface [114].  

 

Changing the metal, and hence the structure and stability of the first water layer, modifies the 

multilayer growth behaviour. Multilayer adsorption on Ni(111) rapidly removes the original 

monolayer, forming a two layer structure before bulk ice crystallites appear  [66,67]. Although the 

film morphology is similar to the early stages of 3D growth of ice on Pt(111), the crystallites grown 

on Ni are considerably taller at any given coverage. This dewetting can be attributed to an increased 

difference between the surface energy of the first layer water on Ni and the bulk-ice/Ni interface 

energy. Just as on Pt(111), the ice crystallites are aligned to the substrate lattice, giving a diffraction 

pattern close to (#3 x #3)R30° and implying that water in the first layer has restructured to 
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accommodate the bulk lattice spacing of ice and optimise the interaction between the ice and the 

metal.  

 

Although Thurmer et al. [67,113,114] successfully used STM to investigate the overall shape and 

growth of multilayer islands, obtaining high resolution images of multilayer water and its growth is 

extremely difficult. On Cu(111), which is non-wetting, Mehlhorn and Morgenstern [115] found that 

ASW crystallized at 130 K to form double bilayer islands that were aligned to the Cu(111) surface 

and terminated by ridges faceted to the Ih(1110) or Ic(221) faces. Annealing at higher temperatures 

created truncated pyramids, again very different from the flat ice Ih(0001) like faces that were 

reported on Pt(111) and Ni(111) [67,113,114]. 

 

Relaxation of the first water layer to bind to the bulk ice film does not necessarily occur to the same 

extent on other surfaces. During adsorption on Ru(0001) at 140 K, around 100 monolayers of water 

must be deposited to completely cover the first water layer [116], while adsorption on top of the 

OH/H2O Pt(111) surface does not completely cover the surface with ice clusters even when ca. 120 

layers have been deposited [49]. In both cases, it appears that the first layer does not relax to match 

the ice film to the metal surface, since the multilayer does not appear to orient to the metal surface. 

This difference in behaviour seems to be linked to the inability of first layer water on these surfaces 

to relax freely to form an incommensurate interface that matches well with the bulk ice lattice. In the 

case of the OH/H2O layer on Pt(111), Section 3.1, all of the protons in the first layer are involved in 

hydrogen bonds, creating a highly ordered, flat structure that cannot easily relax to donate H atoms to 

the multilayer. The layer is also locked to the metal lattice parameter by OH chemisorption, making it 

difficult to accommodate the different bulk ice repeat. In contrast the pure water first layer, although 

very different in structure from bulk ice, is able to relax with rather less energy cost than a OH/H2O 

layer. Similar considerations appear to apply on Ru(0001), where the first water layer is rather more 
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tightly bound than on the other metal surfaces and apparently it is unfavourable for it to relax to 

accommodate a bulk ice film, implying that the first-layer water/ice interface is very different from 

that formed on Pt and Ni. 

 

Recently Maier et al. [50] succeeded in imaging growth of second layer water on Pt(111) and 

Ru(0001) with molecular resolution. On Ru(0001), at 140 K, second layer water grows as amorphous 

islands on top of the network of flat and rotated H-down hexagons of the first layer. Adsorption at 

145 K, the temperature at which the first monolayer starts to give long-range order in LEED [53], 

produces a well ordered second layer of hexagonal rings. The second layer is ordered only when it is 

adsorbed directly above a commensurate hexagonal (#3 x #3)R30° first layer network. The 

observation of third layer molecules decorating particular sites confirms that this structure has the 3-

fold symmetry of bulk ice, implying the growth of an ordered multilayer must have ordered the first 

layer of water into a commensurate ice structure [50]. On Pt(111) the second layer also formed and 

amorphous layer on top of the (#39 x #39)R16° first layer, but coadsorbing H to force the first layer 

into a (#3 x #3)R30° structure again produced an ordered hexagonal second layer in registry with the 

metal. Both of these systems conform to the idea that the first water layer will restructure to form a 

suitable template to stabilise formation of second layer ice. Of course two layers of water is not a 

bulk ice film, and at higher temperatures, where water has sufficient mobility to de-wet the first layer 

[113,114], water preferentially forms thick films which must exactly match the bulk ice lattice 

spacing, not the metal spacing.  
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3. Hydroxyl coadsorption with water 

 

 

 

Figure 10. Mixed OH/H2O layer with a (#3 x #3)R30° structure formed on a close packed surface. The O of water and 

hydroxyl are almost co-planar, pinned flat atop the metal in registry with the surface. Water molecules are shown with the 

oxygen atom dark (red), OH species are shown with the oxygen atom lighter (green).  

 

3.1 Hydroxyl on Pt(111) 

Platinum has the distinction of being the most active pure metal catalyst for the electrochemical 

hydrogen/oxygen redox reaction used in fuel cells, so details of the catalytic reaction pathways and 

water redox chemistry on Pt have received considerable study [117,118]. The role of hydroxyl is of 

particular interest due to its involvement in a range of possible intermediate steps in the reaction 

pathway and its potential as a poison of surface activity. Understanding the effect of co-adsorption 

and how OH stabilises co-adsorbed water or peroxy species is necessary in order to model details of 

the reaction pathways and the different barriers present during electrocatalysis in aqueous solution 

[1,119,120].  
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Water does not dissociate on clean Pt(111) but hydroxyl can be formed by pre-dosing the surface 

with oxygen to create chemisorbed O and reacting this with water to form mixed OH/H2O layers 

[121,122]. This reaction is facile on many surfaces, occurring quantitatively at low temperature 

(<150 K) on Pt(111), Pd(111) and Cu(110), to give chemisorbed OH. On some other surfaces, e.g. 

Ru(0001) [18,123], the reaction occurs only for a low coverage of O, the surface being unreactive 

when oxygen is present at high coverage as an extended ordered structure. As was noted in section 

2.2, water layers are extremely sensitive to electron induced dissociation, and many early studies of 

water adsorption were influenced by the presence of coadsorbed hydroxyl which is formed rapidly by 

electrons during surface analysis of reactive metal surfaces. Water dissociation may be autocatalytic 

[47], with the result that electron damage can be far more extensive than simple electron flux 

estimates would suggest. 

 

The reaction between chemisorbed O and H2O at Pt(111) [121,122] was initially thought to create a 

pure OH layer, since the structures formed showed no significant RAIRS adsorption bands in the OH 

stretching or H2O bending regions [121,124]. Isotope measurements showed that reaction of a 

complete (2x2) O layer (0.25 ML) involves 2 water molecules per adsorbed O [122,124], and so it 

was assumed that O promoted water dissociation, reaction proceeding by  

 

2H2O + 1O $ 3OH + H.  

 

However, no evidence is seen for H production and structure calculations show that this reaction is 

not favourable [125,126]. Hydroxyl is a very good proton acceptor, so the presence of OH in the 

layer increases the binding energy of water by forming strong water-hydroxyl H-bonds due to 

hydrogen donation from water to OH [21,39,41,43,127]. Total energy calculations by Michaelides 

and co-workers [125,126] predicted that the excess water is incorporated into a stable mixed OH/H2O 
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layer, with hydroxyl relocating from a high coordination site to adopt an atop adsorption site in the 

H-bonded network with water. TPD [21] and XPS [41] results show that the ordered (#3 x #3)R30° 

layer is indeed a mixture of hydroxyl and water, which decomposes as OH recombines and water 

desorbs near 210 K, some 40 K above the desorption temperature for a pure water layer [21,35]. The 

stability of the mixed (OH+H2O) layer depends on its composition, being stabilised by completion of 

the H-bonding network. Reaction requires at least 2 water molecules per chemisorbed O and the most 

stable overlayer is formed by the reaction  

 

O + 3H2O $ 2(OH+H2O).  

 

The resulting (1H2O : 1OH) structure is consistent with the formation of a fully hydrogen bonded 

network of OH and H2O, where each O atom is surrounded by 3 H atoms, forming domains of the  

(#3 x #3)R30° structure shown in Figure 10. When the composition deviates from (1H2O : 1OH) the 

system is unable to form a fully hydrogen bonded network and defects (i.e. missing hydrogen bonds 

or Bjerrum defects) are introduced into the system, slightly reducing the stability to water desorption 

[128]. As the composition approaches (1OH : 1H2O) the structure becomes proton ordered, forming a 

(3x3) superstructure related to the domain structure shown in Figure 10. Water orients to form 

hexagonal rings of (3H2O+3OH) in which all the water protons lie in the ring, donating H to 

hydroxyl. The hydroxyl protons point out of the ring, donating to water in an adjacent ring to form 

the overall (3x3) superstructure [21,129]. LEED-IV and XPS/XAS find that the overlayer consists of 

a flat 2D array of an ordered hexagonal network of hydrogen bonded (OH+H2O), with the O atoms 

almost co-planar, 2.15 and 2.18 Å above the Pt [39,43]. Whereas isolated hydroxyl prefers a high 

coordination site [125,126], creation of the H-bonded network favours OH and water both adopting 

the atop adsorption site [129,130]. The resulting flat network causes the stretching bands and water 

bending modes to be almost entirely IR inactive in reflection, with only a sharp out of plane libration 
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appearing for the proton-ordered film [21]. DFT simulations of the (OH+H2O) structure [129,130] 

reproduce the #3 and (3 x 3) phases, which are also observed as intermediates in the hydrogen-

oxygen reaction by STM [131,132] but originally attributed to different H-bond arrangements of OH. 

 

3.2 Hydroxyl at steps 

As was pointed out in section 2.6, although water does not appear to dissociate at steps on Pt(111) in 

vacuum, DFT finds OH has an increased binding energy at the step edge compared to on the terrace 

and is sensitive to the local H-bonding and electrochemical environment [107-109]. Hydroxyl is 

particularly stabilised compared to water on (100) type steps [107], and this is likely to change the 

relative stability of hydroxyl at steps compared to mixed phases on the terrace. Van der Niet et al. 

[110,133] find that O tends to block water adsorption on a Pt(533) surface having (100) steps, with a 

high temperature desorption feature appearing at around 270 K after O/water coadsorption. This 

feature does not appear in the presence of water alone and is ascribed to recombinative desorption of 

OH adsorbed on step sites, some 60 K above the temperature found for recombination from the 

terraces [21]. In contrast, the (111) type steps found on Pt(553) give rise to desorption peaks around 

202 and 228 K, suggesting a mixed OH/H2O structure is formed at the steps that can influence the H-

bonding network formed on the neighbouring terraces. Isotope exchange data suggests that OH 

formation at terrace sites is favoured over step sites, leaving unreacted O adatoms at step sites, so 

that, despite the high stability of OH on (100) type steps, the coverage of OH remains very low. 

Overall the reactivity of O to water on the stepped (533) and (553) surfaces appears to increase in the 

order (100) steps  <  (111) steps  < (111) terraces, the opposite direction to the stability of OH 

[110,133].  

 

3.3 Hydroxyl coadsorption on open f.c.c. (110) surfaces 
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Before discussing the differences between Pt(111) and other close packed transition metal surfaces, it 

is useful to describe hydroxyl adsorption on the open f.c.c. (110) surfaces, since the behaviour of 

water and hydroxyl on Cu(110) can inform our ideas about the nature of the mixed structures found 

on the close packed faces.  

 

Ni(110) and Cu(110) both form a series of mixed OH/H2O phases that give rise to similar, well 

defined desorption peaks in TPD  [27]. The most commonly observed phase is the c(2x2) structure 

that appears in LEED after water adsorption and is now recognised to contain hydroxyl [17]. 

Whereas Ni(110) is reactive and dissociates water, water on Cu(110) dissociates above the monolayer 

desorption temperature [47] or in the presence of electrons [17]. Hydroxyl can be formed in a 

controlled way by reaction with O [88,89,134,135] or by tip induced dissociation in STM. 

Manipulation using low temperature STM allows clusters to be assembled and identified 

unambiguously, providing a detailed insight into the structure of small water/hydroxyl clusters 

[12,136-138] and tunnelling dynamics in OH and mixed OH/H2O chains [10,13,14,139]. Here we 

describe the 1D structures that form spontaneously during reaction with O at low water coverage, 

before discussing the 2D network of the extended c(2x2) structure and its relationship to the mixed 

phase formed on Pt(111). 
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Figure 11. STM images and DFT calculations showing the formation of mixed water/hydroxyl chains with a 1OH : 1H2O 

stoichiometry on Cu(110). The chains run parallel to the close packed [1-10] direction with water forming two different 

possible arrangements along the Cu chain and OH groups bound in the short bridge site as an H-bond acceptor [89]. 

Chain a) is referred to as the ‘zig-zag’ (Z) arrangement and b) the ‘pinch’ (P) structure. Both structures imply proton 

order in the water chain, but only the zig-zag image shows a clear directionality in STM. 

 

Adsorption-desorption experiments identify 3 different partially dissociated phases on Cu(110) 

[88,89]. The pure OH phase, formed at low O coverage and high temperature, decomposes around 

260 K. STM shows hydroxyl forming dimers, adsorbed in the short bridge site. One OH group points 

obliquely out from the Cu short bridge site while its neighbour is rotated towards the surface, 

donating its H to the uncoordinated OH to form an H-bond [11,89]. DFT calculations correctly 

reproduce the binding site and STM images, showing that the OH groups are too far apart to form 

extended H-bonded chains. STM measurements show that the isolated OH can tunnel between the 

two different incline directions whereas the H-bond pins the molecule in the dimer [11]. 

 

The second partially dissociated phase decomposes at ca. 220 K and has a (1OH:1H2O) composition. 

STM images reveal 1D chains form along the close packed [1-10] Cu rows [140], consisting of a 
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continuous chain decorated by open, branched features, rather than closed rings, Figure 11. Two 

types of chain are found [89], a ‘zig-zag’ (Z) arrangement and a ‘pinch’ (P) structure, both of which 

have the water adsorbed flat, slightly offset above the Cu atom, in a similar geometry to that adopted 

by intact water in the pentamer chains, Fig. 8. The OH groups decorate the sides of the chains, sitting 

in their favoured short bridge site, pointing away from both the water chain and metal surface 

[11,89]. DFT finds the two chain structures are isoenergetic and more stable than the best 2D (1OH : 

1H2O) hexagonal network, shown in Figure 12a. With an average H-bond coordination of 1.5 for the 

chains, compared to 3 in the 2D network, the 1D chain structures clearly do not simply maximise the 

H-bond coordination number. Two factors act against formation of 2D hexagonal structures of the 

type seen on Pt(111). First, OH is a poor proton donor, so forming H-bonds by rotating OH flat into a 

2D network does not produce a particularly strong bond. Secondly, formation of an extended c(2x2) 

network requires OH and H2O to both adopt similar adsorption sites on the surface, meaning one 

species or the other would have to move to a less favourable adsorption site. On the close packed 

faces this involves the OH moving into the atop site and lying flat, but on the open, low coordination 

Cu(110) surface this is unfavourable. Instead, formation of 1D chains allows both water and hydroxyl 

groups to maximise their binding to Cu while forming strong hydrogen bonds by donation of one H 

to the water chain and one to OH. 

 

The final mixed phase found on Cu(110) is the c(2x2) structure, formed by reaction of excess water 

with O, which has a composition 1(OH : 2H2O) [88]. STM shows a distorted hexagonal network 

containing some brighter features within the network and open edges, similar to the edge of the 

chains shown in Fig. 11. The (1OH : 2H2O) composition precludes a complete H-bonded structure 

analogous to the network formed on Pt(111), such as shown in Figure 12a, and implies that the 

structure contains H atoms that are not involved in H-bonds. DFT calculations show that it is 

energetically preferable to form networks containing excess water rather than the ordered (1OH : 
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1H2O) network of Fig. 12a. The best c(2x2)O structure is shown in Figure 12b and is made up of flat 

chains of water adsorbed above the Cu rows, adopting a similar adsorption site to water in both the 

water pentamer chains and the 1D (1OH : 2H2O) chains. In fact, each water has 1 H donated to water 

and 1 to hydroxyl, just as in the 1D structures. The excess protons are incorporated in OH Bjerrum 

defects, with 2 H atoms sitting between the O of adjacent hydroxyl groups. This arrangement 

maximises the number of strong H-bonds formed by water donation to water and hydroxyl while 

forming low energy defects to accommodate the uncoordinated H atoms. The presence of 

uncoordinated OH groups in the water layer provides a source of H donors for second layer water, 

and STM images show second layer water is easily formed, very different to the behaviour of the 

complete H-bond network formed on Pt(111) [49]. 

 

 

 

Figure 12.  Mixed OH/H2O networks having a c(2x2) network of O atoms at a f.c.c. (110) surface. a) shows a 

stoichiometric 1OH : 1H2O structure analogous to the complete H-bonding network formed on Pt(111), (Figure 10). (b) 

The most stable arrangement found for the 1OH : 2H2O c(2x2) structure on Cu(110) [88]. Oxygen is shown as red in 

water and green in hydroxyl. The ellipse marks an OH Bjerrum defect with 2 H atoms between adjacent O atoms. 
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3.4 Hydroxyl coadsorption on close packed surfaces 

Ordered (#3 x #3)R30° OH/H2O layers have been found on other close packed transition metal 

surfaces besides Pt(111) [41], but, as on Cu(110), the phases formed are more complex than the 

rather ideal, proton ordered network formed on Pt(111).  

 

The surface that perhaps appears to be most similar to Pt(111) is its neighbour, Pd(111), where Clay 

et al. [141] found OH formed a stoichiometric, 0.67 ML (OH+H2O) layer with a (#3 x #3)R30° 

structure in LEED. Unlike Pt(111), there is no evidence for a proton ordered (3x3) superstructure 

forming on Pd(111) at the 1H2O:1OH composition, nor that the water desorption rate increased 

significantly when the composition deviates from 1:1. XPS results [40] for water reacting with 0.2 

ML O find a rather larger H2O:OH ratio, varying between 2 and 1.5 from 140 to 165 K, but also a 

much higher total coverage, varying from 1.2 to 1.0 ML over the same range. It appears that the 

mixed phase formed on Pd(111) can accommodate excess water freely, though the details of this are 

not explored. Increasing the O coverage above 0.25 ML makes the surface unreactive, with water 

adsorbing intact [40,42]. 

 

The change from chemisorbed O being reactive at low coverage to inert at higher coverage is also 

seen at other close packed surfaces [41]. Using XPS Shavorskiy et al. showed that an oxygen 

coverage below 0.3 ML is reactive on Rh(111), forming a mixed OH/H2O phase which decomposes 

some 30 K above the desorption temperature of pure water [42]. The OH/H2O layer is found to 

incorporate excess water, with a 3:2 ratio of H2O to OH. In the absence of additional studies, such as 

DFT calculations or STM, the structure of this OH/H2O overlayer is not clear, but a possible 

explanation can be suggested based on the behaviour of Cu(110). Like Rh(111), the Cu(110) surface 

also forms a stable 2D mixed OH/H2O network containing twice as much water as OH [88]. DFT 

calculations show that the structure is stabilised by the formation of strong H-bonds by water 
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donation to hydroxyl, with the excess protons being incorporated at D type Bjerrum defects between 

adjacent OH groups. In fact, calculations find that even on Pt(111) the stoichiometric (1OH : 1H2O) 

structure is only very slightly more stable than structures containing excess water and OH Bjerrum 

defects [88]. The analogy to Cu(110) suggests excess water may be incorporated into the #3 layers by 

a similar mechanism at minimal energy cost, but this has not been examined experimentally. At 

higher O pre-coverage the Rh(111) surface becomes unreactive, with intact water again being 

stabilised compared to the pure water film, presumably by H-bonding to adsorbed O [42]. Similar 

XPS measurements on oxygen-covered close packed Ru, Rh, Pd, Ir and Pt surfaces find higher 

reactivity for the 4d metals (Ru, Rh, Pd) as compared to 5d (Ir, Pt) [41]. Small amounts of oxygen 

induce dissociation of water on all these surfaces, but only intact water is observed for higher O 

coverage (>0.25 ML).  

 

The Ru(0001) system has received considerable attention, not least because water dissociates on this 

surface to form a mixed OH/H2O phase that is the stable adsorption structure [18,19,38,142]. 

Uniquely, dissociation is very finely balanced with desorption and shows a dramatic kinetic isotope 

effect, with D2O adsorbing and desorbing intact but H2O partially dissociating during desorption to 

form a mixed OH/H2O structure and adsorbed H [18,53]. As on the other Pt group metals, 

quantitative beam adsorption measurements find that O is reactive at low coverage (%0.09 ML) but 

not at high coverage. Water adsorbs intact at high O coverage and is able to restructure the (2x1)O 

layer to form a (4x2) network with water bonded flat atop Ru, with an H-bond to O [143,144]. The 

mixed OH/H2O phase formed at low O coverage contains an excess of water over OH and 

decomposes some 45 K above the pure water layer [18]. Just as on Pt(111), IR shows that the mixed 

structure again sits flat on the surface, with the hydrogen bonding network varying somewhat 

depending on how the  OH/H2O structure is made. STM images show elongated domains of a 

hexagonal mixed OH/H2O structure, whose width of 2.5 to 4 times the Ru lattice constant varies 
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depending on how the structure is prepared [45,46]. The mixed OH/H2O chains are aligned 

perpendicular to the close packed directions and consist of closed hexagons with bright features 

running along the sides of the structure. DFT simulations of this phase suggest the bright features are 

single water molecules decorating the edge of a hexagonal OH/H2O chain. In this arrangement all of 

the species are flat, atop Ru, maximizing their interaction with the metal so that the OH stabilizes the 

maximum number of flat water molecules that can be accommodated in a contiguous network. This 

work finds that, despite the formation of open chain edges, similar to the OH features seen on 

Cu(110), OH prefers to sit within the complete network, donating to water. In this respect the 

behavior of OH on Ru is more similar to Pt(111) than the Cu(110) structures discussed above. The 

difference between the behavior of OH on Cu(111) and Ru(0001) emphasizes how finely balanced 

the energetics are in determining the bonding of OH in mixed water/hydroxyl networks on different 

surfaces. 

 

4. Proton coadsorption with water 

As discussed in the previous sections, introducing excess oxygen into the water layer forms OH, 

which may either imbed into the H-bonding network, form uncoordinated OH groups at the edge of 

networks or form Bjerrum defects. The obvious parallel questions are how acidic are water molecules 

at a metal surface [145] and what happens if we have an excess of hydrogen instead of oxygen? 

Depending on the chemistry of the surface and amount of H present, excess hydrogen could either 

remain as chemisorbed H, either within segregated islands or embedded within the water network, or 

it may incorporate into the water layer to create an H3O or H3O+ species. Such an ionic H3O+ species 

is expected to interact strongly with the metal electrons and such charged species are important in 

developing models for electrochemical processes [146]. A second question is what effect, if any, 

introducing an excess of hydrogen will have on the water layer, and H transport [147,148]. It is well 

known that proton mobility (or proton hopping) in pure liquid water is abnormally high, Figure 13, 
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and unravelling the details of the process is a goal which impacts a range of fields of research, from 

biological processes to electrochemistry [149]. Probing H tunnelling experimentally is far from 

trivial, but using surface science techniques to create model water systems on reactive surfaces 

appears a good place to start to unpick this complex process [14].  

 

Various terminology is used in the literature to refer to hydrated protons; the term ‘hydronium’ is 

used both to strictly refer to H3O+ as well as more loosely to a positively charged hydrated proton 

species, while ‘oxonium’ [150], ‘multiply hydrated species’ [145] and ‘hydrated intermediates’ [151] 

are also used. For clarity, in this review we will only use the term ‘hydronium’ in the strict sense to 

identify (H3O+). 

 

The simplest surface reaction to form hydronium is [152]; 

 

H + H2O & H3O+
 + e- 

(metal)  

 

and the first question to ask is it possible to form hydrated protons at a surface under UHV 

conditions, and, if so, what can be discovered about the nature of the species? In stark contrast to the 

clear identification of OH provided by XPS, identification of hydrated protons at surfaces is 

problematic and most assignments rely on an indirect technique. Hydrated protons have been 

identified using vibrational spectroscopy by ascribing the ~ 1150 cm-1 band seen in RAIRS to 

hydronium, based on the similarity of the umbrella mode of surface H3O+ seen in mineral acids [153]. 

If this band can be associated with hydronium, its appearance indicates a significant static proportion 

of the chemisorbed H must be ionised. However, the appearance of this band is not sufficient to 

unambiguously prove the presence of hydronium or a hydrated proton species [152]. Instead 

supporting data is necessary, usually from a mass spectrometry based method, either by showing 
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isotope scrambling has occurred by transfer of pre-adsorbed D to H2O through a protonated 

intermediate or by using reactive ion scattering (RIS) [145]. An example which illustrates the 

importance of additional experimental data to support the RAIRS attribution is co-adsorbed 

water/hydrogen on Cu(110), where a vibrational band around ~ 1150 cm-1 is observed on this surface 

but with no accompanying isotopic scrambling that might indicate exchange via a protonated 

intermediate [152]. 

 

4.1 Proton co-adsorption on Pt(111) 

At present the precise details of each stage of the hydrogen evolution reaction in acidic media on 

Pt(111) are unknown [146]. In particular, it is not known if proton exchange occurs at the electrode 

surface or directly in solution [145], so discovering if a hydrated proton species is stable on Pt(111) 

would help address this issue. Water does not spontaneously dissociate on Pt(111) so methods were 

devised to create hydrated protons/hydrated proton species. Typically, Pt(111) is pre-dosed with 

hydrogen and then water is adsorbed [154], this mixture is then probed experimentally by high-

resolution electron energy-loss spectroscopy (HREELS), TDS or TPD, work-function change (!"), 

reflection-absorption infrared spectroscopy (RAIRS), low-energy sputtering (LES) or RIS 

[145,152,155]. Hydrated protons can also be produced by co-adsorbing water with electronegative 

additives [150,155,156] or by bombarding water with electrons [36].  

 

Water co-adsorbed with hydrogen on Pt(111) has a higher peak desorption temperature than pure 

water alone [36,152], indicating an enhancement of the stability of the water layer on Pt(111). At 

higher hydrogen pre-coverages ('D>~ 3.5x1014 Dads/cm2) this stabilisation effect decreases, leading to 

a decrease in desorption temperature [36]. The decrease in desorption temperature may be caused by 

the higher surface coverage of hydrogen limiting the extent of the extended hydrogen bond network 

within the water layer. RAIRS, LES and RIS spectra indicate that stabilisation of the water occurs 
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only after water has been dosed <90 K and subsequently annealed to 140 – 150 K [145,154,155]. 

This indicates that either formation of a hydrated protonated surface species must overcome a small 

activation energy barrier or that amorphous solid water (ASW) is not prone to proton hydration. Kim 

et al. performed a ‘blank’ experiment on a pure water layer, in order to confirm that the combined 

spectra did not arise from the reorientation of the water dipole, or change in the number of H-up/H-

down water molecules from ASW to CI, and must thus be associated to a hydrated proton species 

[145]. The combined observation of the stabilising effect of low coverage of hydrogen, along with 

the isotopic exchange, adds evidence that the co-adsorbed water and hydrogen interact strongly on 

Pt(111). What is less clear is the extent of any H transfer from the surface to the water layer. 

 

The H3O+, or whatever the precise hydrated proton species is, cannot be directly detected by TPD. As 

the temperature is increased the hydrated proton species formed decomposes back into the reactants, 

with water (m/z =18) and hydrogen (m/z =2) being detected desorbing from the surface [152]. 

However, the existence of the protonated intermediate can be inferred from TPD data if different 

hydrogen isotopes are used, e.g.; 

 

D + H2O & DH2O+
 + e- 

(metal) 

 

DH2O+   $   HDO(g) + H+
 

 

If the H2O/HDO desorption ratio for a co-adsorbed D/H2O adlayer is monitored and is greater than 

that of a water layer on the same substrate, then the existence of a protonated intermediate can be 

postulated. Lackey et al. found the H2O/HDO desorption ratio to be 1.5% for water on Pt(111) 

increasing to 15% when co-dosed with deuterium [152]. The findings of Kim et al. appear in line 
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with these results, noting that only some of the adsorbed D atoms participated in exchange and 

deducing that 15% of the surface D atoms were incorporated with water to form HDO [145]. 

 

Even though the data suggests that a hydrated protonated species can be created and stabilised on 

Pt(111), the cationic nature of the species has been questioned. Chen et al. [151] considered the 

possibility that a hydrogen water complex such as [(H2O)H]- or [(H2O)nH] could instead be produced. 

However, these possible species were ruled out as their predicted vibrational spectra did not match 

that found experimentally. The work-function decrease found for a H/H2O adlayer on Pt(111) shown 

by Lackey et al. [152] also supports the idea that the surface species formed is positively charged. 

The weight of evidence suggests that rather than bare H3O+ forming on the Pt(111) surface, multiply 

hydrated proton species appear to be more favourable. Using LES and RIS spectra Kim et al. 

conclude that the hydrated proton surface species are most likely present as H5O2
+, H7O3

+ and some 

H9O4
+, with little or no H3O+ [145]. These observations show that it is possible to stabilise hydrated 

protons at the Pt(111) surface, but comparison to results for a strong acid indicate the species formed 

are multiply hydrated, rather than as bare H3O+, and can be likened to the 2D analogues of the 

hypothesized Zundel (H5O2
+) and Eigen (H9O4

+) hydrated proton models in bulk water, Figure 13. 
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Figure 13. (a) An example of a proton transfer, via the Grotthuss mechanism, is schematically presented detailing proton 

transfer by means of ‘hopping’ along an array of water molecules [149,157].  (b) shows a Zundel cation, a H5O2
+ complex 

where the proton is shared between two water molecules, (c) shows an Eigen cation (H9O4
+) where the proton is localised 

on one water molecule [149,157]. Hydrated protons may be stabilised on a surface by binding to other water molecules, 

forming surface bound analogues of Zundel/Eigen cations [151] or (d) by binding to an anion (green circle) [150]. 

 

Although bare H3O+ may not be observed on Pt(111) with only H/H2O on the surface, if water is co-

adsorbed with electronegative additives, such as Cl- [150], it may be possible to stabilize the 

formation of H3O+ by electrostatic interaction, Figure 13. Water adsorbed onto a low coverage of 

HCl on Pt(111), exists in an ice-like layer except at Cl sites, where STM and IR spectra indicate 

monomeric water molecules hydrogen bond to Cl. Higher Cl coverage ('Cl = 0.44 ML) gives rise to 

the reaction; H+ + Cl- + H2O$ H3O+ + Cl- and the resultant STM shows Cl- at the atop site and H3O+ 

on the three-fold hollow sites [150]. IRAS shows the Cl- and the H3O+ to be hydrated by excess 

water, which can be removed by annealing, leaving IRAS bands at 3180 (stretching) and 1089 cm-1 

(umbrella mode) attributed to hydronium cations [156]. Nakamura et al. suggest that the electrostatic 
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interaction between the Cl- and the H3O+ provides sufficient stabilisation despite the lack of 

additional water molecules [150]. This model is supported by Fukushima et al. who find the distance 

between Cl- and H3O+ to be ~ 4.6 Å, consistent with hydrogen bonding to Cl- [156], although caution 

must be exercised when definitively attributing features in STM to a specific chemical species 

without recourse to detailed DFT modelling and simulations. 

 

4.2 Comparison to other surfaces 

As Kim et al. [145] point out, ‘there is no reason to expect that the stability of surface-bound 

hydrated protons is specific to Pt(111)’ and there is evidence that some other surfaces behave 

similarly. Chen et al. studied a co-adsorbed H/H2O layer on Pt(110) using HREELS coupled with ab 

initio calculations to compare their experimental data to calculated spectra [151]. They concluded 

that the hydrated species is not likely to be H3O+, instead the surface is likely to include a mixture of 

hydrated intermediates such as H5O2
+ and H7O3

+. H2O/H and H2O/D adlayers on Pt(100) were probed 

using TPD and HREELS [158]. A small stabilization effect on the water TPD at low coverage of H 

or D was noted, increasing from ~169 K to 177 K. This stabilizing effect was found to drop with 

increasing H/D coverage, as seen on Pt(111). A HREELS energy loss peak at 1150 cm-1 was ascribed 

to H3O+ based on the work of Wagner and Moylan [153,154]. Coupling the HREELS data with the 

isotopic mixing (formation of HDO from D/H2O layer) lead to the identification of H3O+ on Pt(110) 

[158]. It was estimated (using energy loss spectroscopy) that the mixed H/H2O layer contains at least 

5 – 10% of a monolayer of H3O+, making the surface remarkably acidic. 

 

In addition to the plane surface, stepped Pt surfaces have also been investigated in studies of 

hydrogen/deuterium co-adsorbed with water on Pt(553), Pt(755), Pt(977) and Pt(533) surfaces 

[101,159,160]. These stepped surfaces all have (111) terraces, but the step geometry can also have an 

influence on the water adsorption behaviour across the terrace sites. The stabilisation of water at both 
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(100) and (111) type steps disappears when D is adsorbed on the steps, passivating them to water 

adsorption, unlike on flat Pt(111) where chemisorption of H stabilises the water layer. The different 

types of steps behave quite differently, with the Pt(533) surface, containing (100) steps, becoming 

hydrophobic, whereas the Pt(553) surface, with (111) type steps, still wets [161]. Exchange between 

D and H2O is observed on both surfaces, but is considerably greater on the wetting Pt(553) surface 

where the steps bind H/D relatively weakly. H/D exchange to water is believed to occur through the 

formation of a hydronium type intermediate [101], based on the results of Lackey et al. [152] and 

Kizhakevariam et al. [158], but the exact molecular nature of this species remains a matter of debate. 

 

Turning to other metal surfaces, we focus first on hydrogen/water systems which have been 

compared to Pt(111), namely Au(111). At first glance it seems counterintuitive that Au(111) would 

have similarities with Pt(111). Au(111) is hydrophobic with a low water-Au binding energy, with 

pure water forming clusters instead of a 2D wetting layer as on Pt(111) [162]. Additionally Au(111) 

is a relatively unreactive surface and does not induce hydrogen desorption, so a H-atom source must 

be used [163]. In spite of this experimental complexity, the importance of water to a number of Au 

catalysed processes has prompted efforts to gain a better understanding of the reactions that take 

place. After coadsorption of D/H2O, IR spectra show a peak at 2425 cm-1 which has been attributed 

to an O-D bond stretch [163]. TPD of both H/D2O and D/H2O layers on Au(111) show isotopic 

mixing, akin to Pt(111). DFT models where created to provide and insight into the hydrated 

intermediate on Au(111), concluding that it is likely to be a (H2O)H+ water cluster [163], again 

similar to the findings on Pt(111).   

 

At first sight Ni(111) also appears somewhat similar to Pt(111), with water adsorbing and desorbing 

intact from Ni(111) under UHV conditions [66,164,165]. Evidence of isotopic scrambling (TPD data) 

was seen after adsorption of mixed H2O/D2O layers on the Ni(111) surface and from a HREEL signal 
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indicating the presence of HOD at 85 K on the surface [164]. However, the similarities between 

Ni(111) and Pt(111) disappear when comparing coadsorbed hydrogen/water layers. Hydrogen 

dissociatively absorbs on Ni(111) and when pre-covered with hydrogen then exposed to D2O no 

isotopic mixing, i.e. no m/z = 3 (HD) or 19 (HOD), was found. At low D coverage (0 - 0.3 ML) 

phase segregation occurs with separate islands of Dads and D2O forming. As the D coverage is 

increased the D2O is unable to form an ordered multilayer but instead begins to form clusters as the 

surface becomes increasingly non-wetting [165]. Shan et al. compare their findings to Pt(111), and 

suggest that the absence of a stabilising effect of Hads on Ni(111) is due to the different nature of the 

metal-H bond. Whereas on Pt(111) the workfunction is observed to decrease after dissociative 

adsorption of hydrogen, on Ni(111) it increases, indicating a very different change exchange to the 

surface. 

 

Isotope exchange measurements and IR results for H/H2O and D/H2O on Cu(110) at first seem 

somewhat contradictory. A RAIRS band at ~1150-1160 cm-1 is observed and the desorption 

temperature of the water TPD peak increases when H/D is co-adsorbed with water. However, no 

isotopic scrambling is observed, ruling out the presence of a hydrated proton species on this surface 

being produced from co-adsorbed D/H2O [152,166]. Lackey et al. [166] suggest that adsorbed 

hydrogen atoms interact with water, causing the adsorbed hydrogen to move to a different adsorption 

site which has a frequency of vibration at ~1150-1160 cm-1. This is without the formation of a H3O+ 

species, and any similarity to the appearance of a band at ~1150-1160 cm-1 due to a hydrated proton 

species on Pt(111) is simply coincidental. An alternative explanation could be that the adsorbed 

hydrogen atoms block surface sites [166] causing water to cluster instead of wet the surface, the band 

at ~1150-1160 cm-1 arising from the clusters. 
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Because of its reactivity, Ru(0001) is studied in a different manner to those surfaces previously 

discussed. Water (H2O) is known to partially dissociate on Ru(0001) when heated [27] and Kim et al. 

[167] investigated the acidity of the water layer on this surface by probing it with NH3. It was found 

that when ammonia gas was adsorbed onto an intact water layer on Ru(0001) ammonium ions were 

produced [167], 

 

NH3(g) + H2On ! OH-(H2O)n-1NH4
+

 

 

indicating the acidic nature of water on this surface. Spontaneous proton transfer to ammonia only 

occurs for the intact water layer, not on a partially dissociated (H+OH+H2O) layer, and only above a 

threshold coverage of ~ 0.2 ML of water. Above this coverage H-down water molecules are present 

and it is proposed that these are crucial to the acidity observed. Upon ammonia adsorption the H-

down water molecules turn, becoming H-up and are able to transfer a proton to NH3. The fraction of 

acidic water molecules in a layer was estimated to be above 0.025 ML, using ammonia gas as a 

titrant. Proton transfer may be mediated by H-bonded water molecules that bridge the proton donor 

and acceptor, as in the Grotthuss mechanism in bulk water, figure 13 [149]. As with all the surfaces 

previously presented, Ru(0001) lacks direct evidence about the nature of the protonated intermediate, 

thus the precise mechanism of proton transfer requires further investigation. However, the lack of 

acidity found for the partially dissociated water layer suggests that proton transfer and water 

dissociation follow independent pathways on this surface.  

 

Overall, there is clear evidence that H exchange with the surface occurs on several metal surfaces, but 

the nature of any protonated species formed is unclear, as is its static coverage. While an H3O+ 

species may be formed in the presence of electronegative species such as Cl, in their absence the pure 

H/H2O system seems to form more hydrated species [167]. In systems where isotopic mixing is 
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observed, hydrated protons stabilise the water layer in a similar manner to OH in mixed OH/H2O 

layers. However, surfaces that do not exhibit hydrogen exchange still show a change in the water 

layer as a result of H chemisorption changing the strength of the metal-water interaction and the 

balance between metal-water and water - water interactions.  

 

4.3 Water mediated proton exchange on surfaces other than pure metals 

Although beyond the scope of the present review, it is worth noting the recent experimental research 

advances in studying water mediated proton exchange (or proton hopping) on surfaces besides pure 

metals. We direct the interested reader to the recent review by Guo et al. [54] and studies of 

concerted proton tunnelling by Meng et al. on Au supported NaCl(001) [15]. For oxide surfaces we 

suggest Wendt et al. on TiO2 [168], Merte et al. on an iron oxide surface [169] and Adhikari et al. on 

LaAlO3/SrTiO3 a interface [170] as a starting point. 

  

5. Conclusions and outlook 

Our understanding of how water adsorbs and structures at metal surfaces has changed radically over 

the last decade, a change spurred initially by electronic structure calculations that questioned the 

structure of the OH phase on Pt(111) [125,126] and the structure of the water layer on Ru(0001) 

[142]. In response, improved experimental techniques have been able to provide detailed experiments 

examining water adsorption on well-defined surfaces, avoiding the impurity and damage issues that 

plagued early studies. Interpretation of these experiments requires a close interplay between theory 

and experiment, which has provided a detailed insight into the adsorption of water and its fragment 

on some several surfaces, particularly Pt, Ru, Ag and Cu. Excellent agreement is found between 

experimental structures and modern, dispersion corrected DFT calculations for these model systems, 

allowing us to rely increasingly heavily on these tools as reliable means of predicting water 

behaviour in new, more complex systems, as well as to interpret new experiments.  
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Whereas it was originally believed that water forms a simple adsorption layer similar to ice Ih(0001) 

at metal surfaces, experiments find that the structures formed are quite different, driven by the 

preference for water to adsorb flat atop the metal atoms. Combined with the need to form H-bond 

networks in order to stabilise adsorption, the two requirements create a fertile phase space for water 

to generate unusual structures.  The water structures formed are sensitive to the chemical identity of 

the metal, its lattice parameter and the surface symmetry, making each surface structure slightly 

different. Stable structures maximise the number of tightly bound, flat water molecules bonding to 

the metal surface, while creating a strong H-bond network. This results in H-bond networks 

containing water rings in the form of pentagons, hexagons and heptagons, arranged in either 1D or 

2D structures. Hydroxyl incorporates into the water hydrogen bond networks as a strong acceptor but 

weak donor, often moving from its favoured adsorption site into an atop tilted geometry to 

accommodate the water adsorption site. Its counterpart, hydronium type species, is clearly implicated 

in proton exchange between chemisorbed H and water layers on metal surfaces, but the labile nature 

of hydrated protons, and the relatively indirect evidence of its presence, make quantification more 

difficult than for OH.  

 

Having shown that we have the tools to probe and interpret water adsorption on simple surfaces, a 

number of challenges remain for experiments. There is little experimental evidence available about 

the behaviour of water on square, f.c.c.(100), surfaces, though these may well offer an interesting test 

of the transition between a high density structure, constrained to the surface template, with 

incomplete H-bonding and more open, low density structures optimised to the H-bonding 

requirements of water. Likewise, only theoretical predictions exist about the influence of the metal 

spacing on the structures formed at rectangular (110) surfaces and the transition from pentagonal to 

hexagonal rings, while nothing is known about the intact 2D water structures formed on these 
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surfaces. Although not discussed here, ordered model systems like these offer considerable scope for 

detailed experiments on proton transfer and tunnelling dynamics. However, perhaps the greatest 

challenge remains to understand how the transition from single layer to multilayer adsorption occurs, 

and what really influences the formation of 3D ice nuclei on more complex, insulating or structured 

surfaces. Although both indirect techniques and STM have been used to look at the first stages of 

multilayer growth, there is very little molecular scale information available on this transition, or on 

the growth process. Development of improved SPM techniques, particularly the application of high 

resolution AFM, is likely to play a considerable role in this area, particularly if experimentalists can 

get smarter about the sample preparation associated with these studies. Two final areas where the 

techniques developed for metal surfaces may be able to play an important role is in understanding 

how water coadsorbs with more complex, organic adsorbates and looking at the initial steps in 

solvation. All of these challenges will require deailed theoretical simulations and a close interaction 

with theory to make progress into these complex areas. 
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