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Hydration at Highly Crowded Interfaces
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Understanding the molecular and electronic structure of solvated ions at surfaces requires an analysis of
the interactions between the surface, the ions, and the solvent environment on equal footing. Here, we
tackle this challenge by exploring the initial stages of Cs* hydration on a Cu(111) surface by combining
experiment and theory. Remarkably, we observe “inside-out” solvation of Cs™ ions, i.e., their preferential
location at the perimeter of the water clusters on the metal surface. In addition, water-Cs complexes
containing multiple Cs™ ions are observed to form at these surfaces. Established models based on
maximum ion-water coordination and conventional solvation models cannot account for this situation, and
the complex interplay of microscopic interactions is the key to a fundamental understanding.
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The interplay of screening local charge accumulation and
high electronic density of states at metal surfaces is decisive
for understanding the fundamental aspects of surface
reconstruction and reactions [1]. This is particularly pro-
nounced for, but not limited to, metal-electrolyte interfaces,
because screening and local reorganization occurs in this
situation not only in the metal, but in the electrolyte as well
[2]. Prominent examples of such interfaces include alkali
ions in aqueous solution approaching metal surfaces [3,4]. In
the presence of water, either as a reactant or as part of the
environment, hydration of adsorbates may occur even with-
out an extensive liquid phase due to its local character on the
molecular scale of the solvent. Thus, hydrated ions at
interfaces are relevant in many fields, for example, atmos-
pheric aerosols, corrosion, and aggregation of biomolecules
[5], which also results in a multifaceted landscape of
potential applications. However, the complexity of the
different types of interactions (ion-surface, ion-solvent,
solvent-surface, solvent-solvent, ion-ion) also impedes
understanding of such interfaces, and fundamental questions
like the effect of ions on the structure of interfacial water are
of considerable current interest [6,7].

Surface science studies at defined model systems provide a
well-established approach to analyze the fundamental,
microscopic interactions since they promise insights regard-
ing competing or cooperative effects in general [8]. One such
model system is Cs on Cu(111) [9-14], which has been
investigated for a range of catalytic conversions, including
reactions involving water (e.g., the water-gas shift reaction).

The interaction between adsorbate and metal surface
affects both the geometric and the electronic structure at the
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interface [15]. It is well known that the most stable clusters
in bulk water consist of single alkali ions surrounded by
four (Li") to eight (Rb™, Cs™) water molecules [16]. Close
to a transition metal surface, the solvation structures may be
entirely different [17,18]. Model systems with reduced
complexity (i.e., adsorption at submonolayer coverage
under ultrahigh vacuum conditions) provide valuable con-
tributions to understanding the interface and the funda-
mental interactions determining its structure. In addition,
such model studies can also reveal changes in the electronic
structure of the surface [19]. The formation of alkali ions
upon adsorption of neutral alkali atoms is due to an electron
transfer to the surface accompanied by the formation of
unoccupied, short-lived resonances, which are decisive for
the occurrence or nonoccurrence of photoreactions [20].
For example, photoexcitation into the Cs 6s resonance on
Cu(111) leads to an increase of the Cs-Cu bond distance
[21], but photodesorption is unlikely because of the low
cross section under experimental conditions [22,23]. While
changes in energy and lifetime of the alkali resonances on
Cu(111) by solvation were experimentally detected [24,25],
a microscopic understanding of the complex interactions of
water and alkali ions on metal surfaces remains elusive.

In this Letter, we investigate the relationship between the
geometric and electronic structure of Cs™ ions coadsorbed
with water on a Cu(l11) surface. Combining density
functional theory (DFT), scanning tunneling microscopy
(STM), and two-photon photoelectron emission (2PPE),
we show how the relative strengths of water-ion and water-
water interactions lead to coverage-dependent changes
in the structure of the coadsorbates. We find that clusters
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crowded with ions form with the ions solvated at the
perimeter of the water clusters. The results also suggest that
the local ion and water concentration causes pronounced
energetic shifts and splitting of the Cs resonance, which
may significantly affect the properties of the interface.
While this Letter focuses on the fundamental aspects of
such interfaces, the results may be relevant in diverse fields
such as ion hydration, catalysis, and atmospheric science.

To calculate the Cs™-water clusters on Cu(111) for
different Cs™ and H,O coverage, we used the exchange-
correlation functional by Perdew et al. [26] together with
the D3 dispersion correction [27,28] as implemented in
VASP [29,30]. The Cu(111) surface was modeled by 5 x 5
surface unit cells, in which the different clusters are placed
individually. Thus, the clusters are defined by the number of
Cs™ ions (one to three) and water molecules (zero to six) per
unit cell. One Cs™ per unit cell corresponds to a coverage of
0.16 monolayers (ML) defined with respect to a closed-
packed (2 x 2) monolayer. The water coverage is given in
fractions of a bilayer (BL), which is a closed hexagonal
layer with two water molecules per three surface atoms [15].
See the Supplemental Material for more details [31].

The Cs*-water and the water-water interactions are of
comparable strength. For instance, the agglomeration
energy of a Cs™ ion and a water molecule on Cu(111) is
—0.36 eV, compared to a value of —0.28 eV for two water
molecules. This competition between ion-water and water-
water interactions has been discussed in the context of gas-
phase Cs*-water clusters [39]. In contrast to the typically
three-dimensional gas-phase clusters with many Cs-water
bonds, flat structures are more favorable on Cu(111) due to
the strong adsorbate-surface bonds. Because of the large
size of Cs™, it is difficult to build flat clusters with both
many Cs*-water and many hydrogen bonds. Remarkably,
we find that the most stable structures are hydrogen-bonded
water clusters with Cs™ located at the perimeter or as part of
aring; see Fig. 1(a). We emphasize that structures with Cs™
in the center of surrounding water with maximal coordination
on Cu(111), which were analyzed in Ref. [40], are found to
be less stable; see Supplemental Material [31].

Increasing the amount of water per Cs changes the
electronic structure. Up to four water molecules per Cs™
ion, the work function increases by 1 eV [see Fig. 1(b)], and
the band center of the unoccupied Cs* 6s states shifts to
higher energies by 0.8 eV; see Fig. 1(c). For a more detailed
depiction of the computed band centers, we refer to the
Supplemental Material [31], Fig. S4. We also investigated
clusters with multiple Cs™ ions. The cluster structures are
similar to those with one Cs™ ion; i.e., Cs™ is located at the
perimeter of water clusters or part of a ring. The Cs-Cs
distances are 50 to 150 pm shorter in the presence of water.
Increasing the Cs™ coverage from 0.16 to 0.48 ML at a
given water coverage reduces both the work function
and the Cs'6s energy, as shown in Figs. 1(b) and 1(c).
A computed phase diagram (see Fig. S10 in the
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FIG. 1. (a) Clusters of one Cs™ ion with two, three, and five

water molecules, two Cs™ ions with two, four, and six water
molecules, and three Cs™ ions with three water molecules
obtained by DFT calculations. Cs, Cu, O, and H are depicted
in blue, gray, red, and white, respectively. A complete overview
of the structures is available in the Supplemental Material [31];
see Figs. S5-S7. (b) Computed work function as a function of the
number of water molecules per Cs*, for adsorbed clusters
containing one (blue circles), two (green squares), and three
(brown diamonds) Cs™ ions, which correspond to coverages of
0.16, 0.32, and 0.48 ML, respectively. The work function of clean
Cu(111) and 0.06 BL H,O/Cu(111) (one adsorbed water
molecule per 5 x 5 unit cell) is indicated by black and red lines,
respectively. (¢) Computed band center shift of the unoccupied Cs
6s states, Aeg, relative to a single adsorbed Cs™ ion (0.16 ML);
see Supplemental Material [31].

Supplemental Material [31]) shows the most stable clusters.
It demonstrates that small changes in concentration affect
the cluster size, suggesting that the cluster structure changes
depending on the local concentration of Cs™ and water,
which complements the changes in the electronic structure
discussed above.

To verify the calculated cluster structures, we used STM;
see Supplemental Material for details [31]. Starting with Cs
deposited without water, a hexagonal superstructure forms
[see the inset of Fig. 2(a)] at a coverage of 0.2 ML Cs™, in
agreement with Ref. [41]. With a distance of (1.55 4+ 0.07)
nm between the protrusions, this corresponds to a (6 x 6)
superstructure with respect to the hexagonal Cu(111) surface,
suggesting long-range interaction between individual Cs™,
which was attributed to electrostatic repulsion [41]. The
striped appearance of some ions within the Cs™ layer reflects
their mobility even at T = 7 K; cf. Supplemental Material
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FIG. 2. Scanning tunneling microscopy of Cs™ ions coadsorbed on Cu(111) with D, 0. (a) Initial hydration; circle surrounds some of
the larger clusters; arrow points to a diffusive region. Inset: Cs™ only. (b) Height profile along the line in (a). (c),(d) STM image and area
histogram of hydration at approximately ten D,O molecules per Cs* ion, with some clusters marked with the number of their subunits.
(e)—(h) Ten D,O molecules per Cs* ion annealed at 50 K for 15 min. (e),(g) STM images on gray and Laplace filtered on false-color
scale (cf. Fig. S1 in the Supplemental Material [31]). (f) Area histogram; (h) histogram of estimated number N per cluster. Tunneling
parameters: (a) —250 mV, 10 pA; (c) 53 mV, 7.5 pA; (e) 40 mV, 7.5 pA; (g) 100 mV, 10 pA.

Fig. S2 [31]. For an incompletely hydrated layer, parts of the
surface are still covered by the hexagonal layer; upper left in
Fig. 2(a). Here, protrusions in the hexagonal array are imaged
broader, at an area of (0.34 +0.08) nm? as compared to
(0.83 +0.09) nm?, and higher, at 170 pm instead of 125 pm;
Fig. 2(b). Their distinct size suggests that only one water
molecule is attached to a single ion. On other parts of the
surface, wider clusters exist; see circle in Fig. 2(a). Here, the
distance between the clusters is larger than in the hexagonal
array. These regions are surrounded by some diffusive layer,
indicative of mobile Cs™. Such a mobility is possible if there
is more than one Cs* ion bound in each cluster, and each ion
occupies less space than before solvation. For such an
approach of Cs™ ions, the water needs to screen the ions
and compensate their repulsive Coulomb interaction by
bonding.

At higher water coverages of approximately ten water
molecules per Cs™, all Cs™ ions are bound within D,O-Cs™
clusters; see Fig. 2(c). The considerably decreased number
of D,O-Cs™ clusters as compared to the original number of
Cs™ ions confirms that more than one Cs* is bound within
each cluster; on average, we identify four to five. Elongated
clusters are frequent and are marked by ellipsoids “2.”
These lead to a distinct maximum at an area of (1.9 +
0.2) nm? in the area histogram in Fig. 2(d), which suggests
clusters of around half and 1.5 times this size. Their
apparent size in the STM image as compared to sizes of
pure water clusters is consistent with ten water molecules
per Cst ion [42], suggesting that these smallest units
contain one Cs™ ion. The smallest clusters thereby show the

characteristic stripes of a mobile species marked by circles
“1” in Fig. 2(c). This is in contrast to immobile, larger
clusters which consist of subunits of this size, leading to
distinct multiples in the area histogram. Thereby, clusters
with three protrusions are triangular and those with four
protrusions rectangular. Larger clusters are far from being
uniform in shape.

Similar structures were found after increasing the tem-
perature. Upon annealing at 50 K, the cluster size increases;
Fig. 2(e). The mean area doubles from (2.7 +1.2) to
(5.9 £ 2.3) nm?; see Fig. 2(f). The cluster size is far from
uniform, but all clusters seem to consist of subunits that
align along their perimeter. These subunits are enhanced in
visibility by color coding a Laplace-filtered image in
Fig. 2(g) (see also Fig. S1 in the Supplemental Material
[31] for a comparison of regular and filtered images).
Assuming that each of the circular blue dots of smallest
height contains one Cs™ ion and that the elongated or the
higher protrusions contain two Cs™ ions leads to a number of
Cs™ ions per area equivalent to the deposited value. The
corresponding histogram reveals that 85% of the clusters
contain eight to ten Cs™ ions, a rather uniform distribution.
Thus, the STM results at high water coverage confirm the
structure found by DFT. Instead of a central ion with a
solvation shell, we observe water clusters with multiple ions
at the perimeter, an arrangement which we term “inside-out
hydration.”

Having established a good agreement between calculated
and experimental cluster structures, we turn now to the
electronic structure. Experimentally, this was studied by
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FIG. 3. (a) Schematic of 2PPE on Cs*/Cu(111). (b) False color
map of 2PPE intensity as a function of the D,O coverage and
E — Er. The D,0 coverage is given in bilayers (top axis) and as
the number of molecules D,O per Cs* (bottom axis); see
Supplemental Material for details [31]. The Cs 6s states dressed
with D,O until 2.7 D,0/Cs™, for ® > 0.16 BL or 2.7 D,0/Cs™,
and the change in work function are depicted by blue, red, and
yellow circles, respectively. (c) 2PPE spectra at selected ©.
(d) The change in energy of the two states (at low water coverage,
A, in blue, and at high water coverage, B, in red) as a function of
D,0/Cs™ for different Cs™ coverage O¢+ and T = 25 and 80 K
depicted by open and closed symbols, respectively.

2PPE, for which we employ femtosecond laser pulses of
photon energy #Aw = 3.1 eV [25,43]. In 2PPE, the first
photon Aw excites resonant electron transfer from Cu(111)
to the unoccupied Cs 6s state. A second photon generates
the photoelectron analyzed in a spectrometer [43];
see Fig. 3(a). To study the interaction of D,O with Cs™,
we acquired 2PPE spectra while adsorbing D,O on
Cs*/Cu(111) at 25 K as shown in Figs. 3(b) and 3(c).
The peaks at energies E — Ep = 2.47 and 0.75 eV observed
for bare Cs™/Cu(111) are assigned to the unoccupied Cs
6s state [44] and the occupied 3d band of the Cu(111)
substrate, respectively. Here, E is the Fermi energy of Cu
(111). The energy of the Cs 6s state increases during the
adsorption of D,O by 240 meV; see Fig. 3(b). The intensity
of the Cs 6s state decreases with D,O coverage and
vanishes at four D,O molecules per ion. Slightly below

this coverage, a new state appears at 2.34 eV. Its energy
increases with D,O coverage as well; see red circles. This
state may be solvent dependent, as it was not observed for
Cs™-Xe on Cu(111) [25]. The change in the work function
of the surface is manifested as a change in the low-energy
cutoff of spectra; see yellow circles.

Figure 3(d) compiles energies for different Cs* cover-
ages B¢+ and at two water adsorption temperatures, 7' =25
and 80 K. In agreement with Ref. [44], the energy of the Cs
6s state for bare Cs*/Cu(111) decreases with increasing
Ocs+. The unoccupied Cs 6s state dressed with D,0 is
designated as A (blue markers). The unoccupied Cs 6s
derived state observed for more water is denoted as B (red
markers). Upon adsorption of D,0, the energy of the A
state increases. Remarkably, the energy of the B state is
independent of the Cs™ coverage but increases with D,O
coverage by more than 200 meV. At T = 25 K, the energy
of the B state is nearly constant below four D,O/Cs™ and
above seven D,0/Cs™, and the increase in energy occurs
via a jump at around six to seven D,O/Cs™. This is in
contrast to the weaker, more gradual increase at 7 = 80 K,
which indicates limited mobility of Cs-water clusters at the
lower temperature.

These results agree qualitatively with our DFT calcula-
tions, but the latter overestimate the observed shifts by a
factor of 2; cf. Figs. 1 and 3. The appearance of two different
resonance states at water coverages around one D,O/Cs™
suggests that different clusters coexist, in agreement with the
STM results. To test this hypothesis, we performed calcu-
lations using a larger 7 x 7 unit cell. This enables us to
investigate the electronic structures of different clusters
within one unit cell. As shown in Fig. S6 of the
Supplemental Material [31], the maxima of the unoccupied
Cs 65 bands of Cs™ ions in different clusters have different
energies.

This agreement among experiment and theory allows us
to propose a scheme for the hydration of Cs*™ on Cu(111).
At low water coverage (< 1 water molecule per Cs™), Cs™
ions are dispersed on the surface in a hexagonal array and
are bonded to at most one water molecule. Adding water
leads to the formation of small clusters with low water:Cs™
ratio (up to ca. 3:1), which shifts the 6s state to higher
energies. At a coverage of three water molecules per Cs™
ion, larger clusters with multiple Cs™ ions start to dominate.
They show a new lower-energy 6s state due to the higher
local Cs™ coverage. Adding water shifts this state to higher
energies.

The hydration structure of Cs* on Cu(111) is markedly
different compared to bulk water or the gas phase. Because
of adsorbate-surface interactions, two-dimensional clusters
are energetically preferred. Together with the large size of
Cs™ ions, this leads to a competition between Cs*-water
bonds and hydrogen bonds. The latter dominate in the most
stable cluster structures, leading to a preference for water
clusters with Cs™ ions at their perimeter.
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As demonstrated here for a highly crowded situation,
the relationship between coverage, cluster structure, and
unoccupied electronic states may have important conse-
quences for the reactivity of solvated alkali or metal
interfaces. Such an understanding of the elementary inter-
actions that determine the structures of ion-solvent clusters
may also provide useful input for an advanced model
description of electrode-electrolyte interfaces. While the
peculiar inside-out solvation structure may not be visible at
high water coverages, the balance of the fundamental
interactions shown could still play an important role in
the chemistry and physics of solvated alkali ions at the
metal-liquid interface.
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