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Abstract

We report on the influence of lithium ions on binding and structure of water nanois-
lands on Au(111) by temperature-programmed desorption and variable-temperature
scanning tunneling microscopy. Water coverages between a fraction and a full bilayer
and two lithium coverages (< 0.15 % ML) are explored. Lithium enhances selectively
the binding of some of the water molecules on precovered Au(111) as compared to wa-
ter on pristine Au(111); revealed by an increase of the water desorption temperature
by approx. 10 K. Surprisingly, the effect of lithium on the structure of water is much
more extended than expected from these desorption experiments. A small amount of
lithium changes the structure of water nanoislands drastically compared to those on
pristine Au(111). On pristine Au(111), water ice grows in the form of crystalline is-
lands that are 2 or 3 bilayers high. On Li precovered Au(111), the islands are more
corrugated, at a five times broader apparent height distribution, and much smaller, at

a four times smaller area distribution. These changes reflect the influence of lithium as
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a structure-maker, or kosmotrope, on water. Our study provides unprecedented real-
space information of the influence of a kosmotrope on water structure at the nanoscale.

We utilize its kosmotropic behaviour to provide real-space images of desorption.

Introduction

The interaction of ions with water molecules is not only of fundamental interest for elec-
trochemistry,! electrocatalysis? and energy storage® but also important for atmospheric?
and biological processes.”® Up to now, ion-water interaction has been studied experimen-
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tally mainly in the liqui and the gas phase!™® but rarely in the solid phase.1¢20 A

microscopic understanding has been developed in theory by molecular dynamics (MD) sim-

21,22 10,14,20,23-25

ulations and by density functional theory (DFT) calculations.

On the other hand, the microscopic understanding of water self-interactions has progressed
substantially through real space imaging of supported ice at cryogenic temperatures.26-2?
From these studies, the structure of ice on a multitude of metal surfaces is known on a
molecular level, including the here investigated Au(111).?°?! We probe Au(111), because
it is one of the most important electrodes in electrochemistry. On Au(111), the structure
of DyO monomers and small clusters have been analyzed in real space at 25 K.3% Also for
larger coverages, adsorption of HyO on Au(111) was only explored at 20 K3* and not at the
temperatures of our study. Helium scattering revealed that at these higher temperatures
between 110 K and 130 K water is crystalline.?* What remains to be explored is how the
structure of water nanoislands is affected by ions to acquire a microscopic understanding of
water-ion interaction. This is of utmost importance for all the above mentioned processes.

To understand the water-ion interaction, we explore lithium ions, which due to their small
size have the largest effect on the structure of the surrounding water.?> Such alkali metals
are known to ionize on metal surfaces, e.g. sodium on Cu(001).3¢ These and other properties
of alkali metals on metal surfaces were well characterized by vibrational spectroscopy and

ab-initio theoretical analysis.?"



The interaction of lithium with water has so far been investigated only in gas and fluid
phase. In the gas phase, lithium is surrounded by three water molecules in the first solvation
shell.'5 In the fluid phase, the interaction of lithium with water is usually characterized as
a kosmotrope, i.e.as a structure maker, which changes the structure of water beyond the
ion’s first hydration shell by enhancing hydrogen bonding of the water as compared to bulk
water. 3°

Very little is known about the interaction of ions with water on surfaces. While the interac-
tion of lithium with water has not yet been studied on a surface to our knowledge, sodium,
another kosmotrope, has been explored on Ru(0001).'® Electron stimulated desorption ion
angular distributions (ESDIAD) demonstrated that sodium changes water orientation in
its vicinity. For the chaotrope or structure breaker potassium on Pt(111), temperature-
programmed desorption (TPD) suggested a breaking of the water bilayer structure.'” What
has not yet been investigated is the real-space structure of solvent-ion complexes.

In this article, we investigate the influence of lithium ions on water ice supported on Au(111)
by means of scanning tunneling microscopy (STM) and TPD. After characterizing the two
systems separately, the pure water and the pure Li on pristine Au(111), we compare our re-
sults to water structure and binding on Li precovered Au(111) at two different Li coverages.
Both, TPD and STM measurements reveal substantial differences. Our real-space results

may alter the way of thinking about the structure of solvent-ion complexes.

Methods

The STM measurements are performed in a ultrahigh vacuum (UHV) chamber with a base
pressure of 4 x 107!° mbar. The chamber is equipped with a commercial single-tube scanner
variable-temperature STM (105K - 350 K), a quadrupole mass-spectrometer, an evaporator
for deposition of alkali metals and a molecular deposition unit to deposit D,O. The single-

crystalline Au(111) surface is cleaned by several cycles of Ar™ ion sputtering at 1.3 keV



(Pargon = 3.8 X 107° mbar, Isputter = 9.6 pA, t = 15-30 min) followed by annealing at 850
K by electron bombardment (Zemission = 13.6 mA, Vaccelerating = 1kV, ¢ = 10-30 min). The
cleanliness of the sample is checked by STM. One control experiment is performed in a low
temperature STM (for experimental details see?®).

The TPD experiments are performed in another UHV chamber with a base pressure of
3 x 107" mbar. The chamber is equipped with a quadrupole mass-spectrometer, a Low
Energy Electron Diffraction (LEED), an evaporator for alkali metals and a molecular beam
doser for water dosing. The single-crystalline Au(111) surface is cleaned by several cycles of
Ar" ion sputtering at 0.5eV (pargon = 7.3 X 107° mbar, Ispupter = 5.4pA, ¢ = 10-30 min)
and annealing at 900 K by direct heating ([peas = 19.6 A, Viear = 2.6V, ¢ = 10 min).
The cleanliness is checked by LEED and TPD until the LEED pattern of the herringbone
reconstruction appears bright and the background black and until only one characteristic
peak of D,O at 154 K is detected in the TPD spectrum.

In both chambers, D;O of milli-q quality is further cleaned in vacuum through freeze-pump-
thaw cycles and the SAES alkali-metal dispenser is degassed before first evaporation (7T =
1200 K, ¢t = 2 min). For the TPD experiment, lithium is deposited on Au(111) at (220 £ 10)
K, (T gispenser = 1100 K, ¢ = 30 sec). D90 is dosed on the surface held at (100 £ 1) K, (110
+ 1) K and (130 + 1) K with a rate of 0.1 BL min™" using an effusive, low pressure molecular
beam with two stages of differential pumping. The beam forms a spot on the surface with
a diameter of 5 mm. In the STM experiment, the Au(111) is held at (215 + 5) K during
lithium adsorption (T gispenser = 950 K, ¢ = 17 sec). The adsorption is repeated 2 or 4 times.
As the lithium is mobile at measurement temperature (see main text) unless it is bound to
the elbows of the herringbone reconstruction of Au(111) or the step edges, we are only able
to give lower limits of the coverage, which are 0.9 x 10~* ML and 1.5 x 10~* ML. D50 is
deposited with a rate of 1 BL min™!; the sample is held at (115 + 5) K.

TPD spectroscopy is performed at a heating rate of (0.3 £ 0.1) K/s for pure D2O on Au(111)
and (0.4 + 0.1) K/s for DoO on lithium covered Au(111). The crystal is held by two Ta



heating wires which are spot welded to high current feed-throughs mounted at the base of
a liquid nitrogen coolable manipulator. The temperature is measured by a chromel-alumel
thermocouple fitting into a hole at the side of the crystal. With this arrangement, the crystal
can be heated or cooled rapidly, with minimal desorption from the support. Combined with
molecular beam dosing, the TPD spectra are free from edge or support effects. As there
is no monolayer peak in the TPD spectrum of water on pristine Au(111)%® the area of the
monolayer peak of D,O on Cu(511) is used to calibrate the flux of the molecular beam doser
and thus determine the D,O coverage.3’

The apparent height of water islands measured by STM is determined using WSxM, a free-
ware program from Nanotec Electronica S.L..*° Because of the corrugation of Au(111),
heights are given as the difference between the mean of the surface values and the mean
of the island values. The volume of the islands is estimated as a product of the area of
the D50 islands determined using WSxM and the numbers of D,O bilayers derived from

apparent heights according to the results for D,O islands on Cu(111).%

Results and Discussion

Water adsorption on pristine Au(111).

In order to set the stage for investigating the influence of the ions on water binding and
structure, we first characterize water structures on and desorption dynamics from pristine

Au(111), i.e. without ions, under the conditions of water exposure that we use in our study.
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Figure 1: Water islands on Au(111) grown at (115 £ 5) K (0.26 BL): STM image of (a)
terrace region; contrast is enhanced in rectangle, 30 pA, 280 mV, T = (127 + 1) K (b)
stepped region; contrast is enhanced in rectangle, 60 pA, 280 mV, T = (125 + 1) K (c¢) line
scan crossing the herringbone reconstruction as indicated in (a); arrows point to the domain
boundaries of the herringbone reconstruction (d) line scan crossing the stepped regions as
indicated in (b); arrows point to higher imaged edge; for high-resolution images of insets see
supporting information.

Due to a slight misorientation, low-indexed faces of crystals have an intrinsic number of
surface steps. For the best available surface orientation of <0.1 ¢ used here, this results in
up to 200 steps/pum. While such steps are equally distributed at annealing temperatures on
Au(111), they tend to form two regions at room temperature and below, regions with large
terraces, and regions with an equilibrium step distance of (5.1 4+ 0.6) nm, in our case.

On both surface regions, water adsorbed at (115 + 5) K forms islands (Fig.1). On terraces,
small islands decorate the elbow sites of the herringbone reconstruction, but larger islands
are also nucleated homogeneously. This homogeneous nucleation is demonstrated in Fig. 1a,
where some islands are not situated at the elbow sites of the herringbone reconstruction, but
are randomly distributed over the surface. In stepped regions of the surface, there are no
elbow sites. Here, small islands nucleate at the intersection of the domain boundaries with
the step edge (Fig. 1b, enhanced contrast); large islands nucleate at the lower step edge in
the fce region (Fig. 1b). For small terraces, some water islands extend over the whole terrace
at the chosen coverage (Fig.1b, lower left). Note that the apparent heights of the water
islands are in the range of the interlayer distance of Au(111), at 0.24 nm (Fig. 1d), but, they

are distinguished by a higher imaged edge that is indicated by the arrows in Fig. 1b and 1d.



He-scattering revealed, at the same adsorption and measurement temperature, well-ordered
islands with a (v/30 x 4/30) R30° symmetry on Au(111).3* The islands are thus crystalline.
This crystallinity is corroborated by their uniform height and compact shape. Furthermore,
the herringbone reconstruction is visible through the water islands as parallel bright lines (in
enhanced contrast Fig. 1a, lower left). The height of the ridges on top of the water islands,
as visible in the height profile in Fig. 1c, is of the same order as the height variation on
the pristine Au(111) (indicated by arrows in Fig. 1c). The observation of the herringbone
reconstruction through the ice islands might be either an electronic or a structural effect, or

both. In any case the otherwise flat top supports the crystallinity of the ice islands.
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Figure 2: Geometrical characterization of water islands nucleated at (115 + 5) K for three
different coverages: 0.26 BL, 0.32 BL, 1.02 BL; 190 to 280 mV: (a) apparent height histogram
(b) area histogram. Arrows point to corresponding mean values.

The apparent height of the islands depends on the applied bias voltage, however, not
markedly in the voltage range used here, between 190 mV and 280 mV. In this voltage
range, the apparent height is between 0.24 nm and 0.33 nm (Fig. 2a). The height histogram
at a coverage of 0.26 BL has its maximum and mean value at (0.26 £ 0.01) nm (orange arrow
in Fig. 2a). Note that this apparent height largely underestimates the real height of the water
islands at the low voltage of our measurement, because tunneling occurs in their band gap

region.?® For an estimation of the real height, we compare the apparent heights (Fig. 2a) to



the ones of crystalline ice islands grown on Cu(111), where apparent heights were related to
real heights via imaging beyond the band gap.?® The mean in apparent height at 0.26 BL
corresponds to crystalline water islands on Cu(111) to a geometric height of 0.86 nm, and
thus to two bilayers.?® This suggests that the real height of most of the islands here is also
two water bilayers. At a slightly larger coverage of 0.32 BL., maximum and mean are shifted
to larger values. The mean value of the islands increases to (0.30 & 0.01) nm, corresponding
to a geometric height of 1.05 nm on Cu(111) and thus to three bilayers.?® This apparent
height, at a mean of (0.30 £ 0.01) nm is essentially preserved at triple the coverage, a full
bilayer equivalent. Regardless of the exact quantitative assignment, the height histogram
shows a clear layering and a non-linear step-like increase in height between a quarter and a
third of a bilayer.

The area distribution of the water islands is rather broad (Fig.2b), hardly shifting between
0.26 and 0.32 BL, at a mean area of (40 £ 20) nm? at 0.26 BLs and of (50 & 20) nm? at 0.32
BLs. In this coverage range, the islands mainly grow in height but less in lateral dimension.
At higher coverage, the islands grow predominantly laterally. The mean area of the water
islands at a coverage of 1.02 BL is, at (130 + 40) nm?, approximately 3 times larger than
the one at 0.32 BL. The area distribution is much broader and, in contrast to the rather
uniform area distribution at lower coverage, there seem to be two maxima at 1.02 BL, one
at 90 nm? and another one at 150 nm? (Fig. 2b). Such a distribution is indicative of island
growth through coalescence of smaller islands, indicating a certain mobility of the islands as
a whole over the surface.*!*?

Having characterized the water islands geometrically, we now analyse the desorption
kinetics of water on pristine Au(111) at increasing coverages. The desorption is, at all
investigated coverages, typical for water desorption from noble metal surfaces.3%*® Typical
for TPD of water from noble metals, desorption is initially zero order with a common leading
edge and a shift of the desorption maximum to higher temperatures at increasing coverages,

with the maxima ranging between 154 K and 161 K as the coverage increases to 0.41 BL
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Figure 3: TPD spectra of water adsorbed on Au(111) at 100 K: (a) at increasing coverages
(b) different preparations at 0.06 BL: without post-annealing (black squares: experiment,
black line: fit) and with post-annealing at 130 K for 15 minutes (grey squares: experiment,
grey line: fit). Dashed vertical lines mark maxima as obtained from fitting.

(Fig. 3a). The desorption rate falls away from a zero order behaviour as desorption proceeds,
forming a shoulder some Kelvin below the desorption maximum for a 0.41 BL film before
the rate increases again at higher temperature. For thick water films a similar decrease in
desorption rate is conventionally interpreted as crystallization,**** but a reduced desorption
rate can also result from water aggregating into larger islands during annealing.*® First layer
water crystallization already starts at 110 K on Au(111),* implying the late appearance
of this shoulder is a kinetic effect as the island size distribution changes during annealing.
Indeed, the TPD spectrum of as adsorbed water differs from the one of water post-annealed
at 130 K for 15 minutes, at same coverage (Fig.3b). The leading edges and the desorption
maxima of the two spectra have the same slope, but are shifted by approximately 2 K towards
higher temperatures for the post-annealed water, indicating a similar water binding but a
reduced desorption rate. Thus, the observed increase in desorption temperature confirms the
interpretation of the shoulders in Fig. 3a and is consistent with crystalline water nanoislands
observed by STM at (125 £ 5) K (cf. Fig. 1).

Imaging water in the range of desorption in the TPD spectrum at 146 K modifies the water



Figure 4: Influence of imaging on water islands at T = (146 £ 1) K: 1.02 BL grown at (115
+ 5) K: Two consecutive STM images of different size imaged 91 s apart; black rectangle in
(b) is region scanned in (a). (a) 100 pA, 1540 mV (b) 260 pA, 1540 mV.

islands as demonstrated in Fig.4. After having recorded Fig. 4a, we scanned a larger region
(Fig.4b). In the scanned region, no large water islands remain (black rectangle in Fig. 4b),

though they still exist in the non-scanned region around. Below, we will show that this is

different for imaging water on Li precovered Au(111) at the desorption temperature.
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Lithium adsorption on Au(111).

Having characterized the water structure and desorption kinetics on pristine Au(111) we

now characterize the adsorption of lithium at submonolayer coverage.
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Figure 5: Lithium ions on Au(111): Li visible coverage 0.09 % ML (a,d) and 0.14 % ML (f)
adsorbed at (215 + 5) K: (a) STM image of a terrace region; 80 pA, 1790 mV, T = (129 + 1)
K (b) height profile along line in (a), (c) apparent height histograms of lithium on terraces;
arrows point to maxima (d) STM image of a stepped region; 110 pA, 1790 mV, T = (129 +
1) K (e) profile along line in (d); arrows point to protrusions at the steps (f) STM image at
low temperature; 11 pA, -1870 mV, T = (7 £ 1) K.

At tunneling currents between 80 pA to 200 pA, the lithium ions are not visible in the
voltage range between ~1600 mV and ~-1600 mV. They are imaged as protrusions at volt-
ages between 1600 mV to 2700 mV as well as at -1600 mV (Fig. 5).

At both investigated coverages, lithium ions are imaged exclusively at either the elbow sites
of the herringbone reconstruction (Fig.5a,b) or steps (Fig.5d,e). There is no statistically
relevant preference for the x-elbow or y-elbow sites of the herringbone reconstruction. Con-

cerning the adsorption at steps, work function changes suggested a similar preference of
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lithium to step edges on Ni(775), prior to occupation of terrace sites at a Li coverage higher
than 0.08 ML.% As the number of imaged lithium ions does not increase linearly with in-
creasing deposition as soon as all the elbow sites are occupied, we propose that lithium
ions, that are not bound to elbow sites or at stepped region, are mobile at our measure-
ment temperatures above 110 K. To prove this point, we measured lithium on Au(111) at a
low temperature of 7 K to suppress this mobility. Indeed, at this low temperature, lithium
ions are imaged not only at the elbow sites, but also randomly distributed between them
(Fig. 5f). Therefore, we conclude that the Li coverages used in our experiments below are in
fact higher than the visible coverage.

The apparent height of the lithium ions on terrace region is estimated by measuring the
height difference between lithium ions at elbow sites and not occupied elbow sites (Fig. 5b).
87 % of the protrusions have an apparent height of (45 + 12) pm above the elbow site at
1790 mV (Fig.5c). The apparent height of the Li at step edges is (45 + 10) pm at 1790
mV and thus identical to the one on terraces. Note that the apparent height maximum of
the height histogram is at (65 £ 15) pm at 2020 mV. The 50 % higher apparent height
value of the lithium ions at only 200 mV higher voltage suggests that the imaging at above
-1600 mV is related to some electronic state. It further allows to discriminate the Li ions
from some unavoidable impurities of larger apparent height, whose apparent height remain
at approximately the same value at the two voltages presented. The apparent height of the
Li at the elbow sites imaged at -1870 mV at low temperature fits, at (60 £ 20) pm, quite
well to the values above (Fig. 5f). Most importantly, the rather uniform size suggests that

the Li exists mainly as monomers and is thus ionic.

Water adsorption on lithium precovered Au(111).

Having characterized water and lithium separately, we now investigate the influence of the
lithium ions on the binding energy of water by comparing the TPD spectra after water

adsorption on the pristine surface, presented in Fig. 3, to the ones after adsorption on a Li
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precovered Au(111), both at 110 K (Fig.6). Note that no hydroxide was detected in the
TPD spectra; an evidence that the water does not dissociate, but adsorbs molecularly also

in the case of Li precovered Au(111).
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Figure 6: TPD spectra of water on Li precovered Au(111) adsorbed at 110 K for different
water coverages, dashed vertical lines through maxima determined by fitting: (a) 0.03 BL
(orange squares) and 0.08 BL (green squares) as compared to 0.06 BL water on pristine
Au(111) (black squares; reproduced from Fig.3a), (b) 0.27 BL (black squares) with fits of
three maxima (solid line); black line is sum of fits.

There is only one symmetric maximum at 164 K in the TPD spectrum from the Li
precovered surface at the lowest investigated water coverage of 0.03 BL (orange squares in
Fig.6a). The TPD spectrum at 0.08 BL water coverage exhibits a maximum of similar shape
at 164 K, and a further maximum at 154 K (green squares in Fig. 6a). As the maximum at
164 K has no equivalence in the spectrum from the pristine surface at 0.06 BL. water coverage
(black squares in Fig. 6a), it must result from water bound to lithium ions. Thus, all water
molecules are influenced by the lithium ions at 0.03 BL coverage. The similar temperature
and shape of the desorption maximum at 164 K at 0.08 BL suggest that it corresponds
likewise to water whose binding is directly affected by the lithium. We conclude that the
amount of water affected by lithium ions is limited only. With increasing water coverages

more and more water is not influenced by them and is bound in the same way as water on
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the pristine surface. A similar stabilizing effect on only a fraction of the water was reported
before for 0.08 ML of potassium on Pt(111) by TPD.'"

To prove this point, we fit the TPD spectrum at 0.27 BL on the Li precovered surface by
three maxima (Fig.6b). The sum of the resulting fits gives an excellent description of the
experimental data (black line). Hereby fit 1 at 157 K and fit 2 at 159 K exhibit a zero order
desorption kinetic as water on the pristine surface (cf. Fig.3a), the peak 3 at 165 K has
a very different, rather symmetric shape suggesting first order desorption kinetics. While
the zeroth order desorption of water from the pristine metal reflects that the water-water
binding is stronger than the water-metal binding, first order desorption indicates stronger
(non-dissociative) binding, here not to the surface itself, but to the surface adsorbate Li. The
difference in temperature of 10 K between 154 K and 164 K at 0.08 BL. water coverage on Li
precovered Au(111) corresponds to a difference in desorption energy of (2.7 + 0.3) kJ/mol
or 0.028 eV under the assumption that the desorption can be described by the Redhead

approximation. *”
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Figure 7: Effect of Li precoverage on water structures adsorbed at (115 + 5) K: STM images
(a, b) of water islands on (a) pristine Au(111); water coverage 0.26 BL; contrast is enhanced
in rectangle, 60 pA, 280 mV, T = (125 4+ 1) K (b) Li precovered Au(111); 0.23 BL, Li visible
coverage of 0.15 % ML, ratio of Li:D,0O 1:100, adsorbed at (215 £ 5) K; contrast is enhanced
in rectangles, 70 pA, 1790 mV, T = (122 £+ 1) K (c) area histogram; on pristine Au(111)
reproduced from Fig.2b (d) apparent height histogram; on pristine Au(111) reproduced
from Fig. 2a at double bin size; voltages as in images; for high-resolution images of insets see
supporting information.

While the binding energy of only very few water molecules is affected by the Li ions, we
will demonstrate now that the effect on structure is much more extended. To this aim, we

compare water islands on pristine Au(111) (Fig. 7a) to those on Li precovered Au(111) with a

15



visible coverage of 0.15 % ML Li (Fig. 7b), a ratio of Li:D,O 1:100, respectively. The presence
of this small amount of Li ions, which affects less than 0.06 ML of the water according to our
TPD study, changes the water structures both qualitatively and quantitatively in four ways.
First, the shape of the water islands on the Li precovered surface is less compact and more
irregular than on pristine Au(111). Second, the herringbone reconstruction on top of the
water islands on pristine Au(111) is absent on top of the water island on an Li precovered
Au(111) (cf. enhanced contrast in Fig. 7a to 7b). Third, the number of water islands on the Li
precovered surface is larger, at smaller size. Indeed, the area distribution of water islands on
Li precovered surface is much narrower and shifted to lower values than the one for the water
islands on the pristine surface (Fig.7c). At approximataly the same water coverage of 0.26
BL the median value is on the Li precovered surface, at 11 nm?, only a quarter of the 39 nm?
on the pristine surface. Note that the water islands on the Li precovered surface at higher
Li coverage (cf. Fig. 5f and 7b) do not only nucleate on the Li ions at the elbow sites of the
herringbone reconstruction, but also on the other, randomly distributed Li ions on Au(111).
Fourth, whereas water islands on the pristine surface are characterized by a uniform height,
the water islands on the Li precovered Au(111) have a larger variation (cf. Fig.7a to 7b).
The height distribution of water islands on the Li precovered surface is indeed very broad,
ranging from 0.17 nm to 0.43 nm (Fig.7d), in contrast to the height distribution of water
islands on pristine Au(111), ranging from 0.23 nm and 0.29 nm only (Fig.7d). This much
broader height distribution shows that the lithium ions break the clear layering of water
identified above. This demonstrates for the first time the effect of a kosmotrope in real
space.

As shown above by TPD experiments, the water molecules at the deposition temperature
of (115 £ 5) K are mobile and nucleate at lithium ions. This explains, why the number
of water islands on the Li precovered surface is much larger than on the pristine Au(111),
leading to smaller islands on average.

The higher binding energy deduced from the TPD spectra above is reflected in an altered
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imaging characteristics of the water islands. Whereas unperturbed imaging for crystalline
ice structures on the pristine surface is only possible at bias voltages below ~300 mV, water

structures on the Li precovered surface can be imaged at voltages up to ~2.8 V.
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Figure 8: Dependence of water structures at (136 £ 1) K on Li coverage: water adsorbed
at (115 £ 5) K, lithium adsorbed at (215 + 5) K: STM images at (a) 0.15 % ML visible Li
coverage, 0.23 BL water coverage; 60 pA, 2360 mV (b) 0.09 % ML visible Li coverage, 0.26
BL water coverage; 100 pA, 1580 mV.

Furthermore, the water on the pristine surface cannot be imaged at elevated temperature,
see above, but this is possible for water on the Li precovered surface. This allows us to
investigate their geometry up to desorption temperature. Between (122 4+ 1) K (Fig. 7b) and
(136 £ 1) K the size distribution changed, at 0.15 % ML visible Li coverage (Fig. 8a). While
still covering a similar size range up to 80 nm? (apart from one exception), the mean has
increased from 11 nm? to 30 nm?. As no desorption of water takes place at this temperature
(c.f. TPD Fig. 6a), the broadened distribution results from a substantial redistribution of the
adsorbates. Thus, the water desorbs as water on pristine Au(111) from each island leading
to a maximum at the same temperature until the D,O/Li ratio reduces to a critical point
where the stability of the water is changed sufficiently to slow water desorption and form a
second peak at higher temperature. At both Li coverages, there are, at 136 K, large water
islands on stepped and on terrace regions (Fig.8a and 8b). However, the number of small

water islands on the terrace is substantially reduced at a visible coverage of 0.09 % ML.
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Possibly,the solvated lithium ions at this lower Li coverage are mainly adsorbed at the step

edges and only rarely on the terrace region as in the case of lithium on the pristine surface.

w A, =6103nm* (g)

mm A, = 30062 nm’
A, = 18788 nm’

m A =7310 nm’

136 K143 K149 K150 K

= 136 K (N, =30) ()
mm 143 K (N, = 78)
149 K (N, = 36)

0.24 0.28 0.32 0.36 0.40
h (nm)

Figure 9: Desorption of water from Li precovered Au(111) in a temperature range between
136 K and 150 K; 0.09 % ML visible Li coverage adsorbed at (215 + 5) K, 0.23 BL water
coverage adsorbed at (115 + 5) K: (a-d) STM images at increasing temperature (a) T = (136
+ 1) Kb T=(143+1) K (c) T=(149£1) K (d) T = (150 £ 1) K (e) area covered by
water islands at 136 K, 143 K, 149 K and 150 K (f) apparent height histogram; for scanning
voltages of 1360 mV (136 K), 1960 mV (143 K), 2590 (149 K) and 2840 mV (150 K). Circles
in (c¢) and (d) indicate solvated lithium ions. Tunnel parameters: (a) 20 pA, 1360 mV (b)
120 pA, 1960 mV (c) 120 pA, 2590 mV (d) 130 pA, 2840 mV.

Finally, we follow the desorption of water from Li precovered Au(111), at a visible cover-
age of 0.09 % ML in real space, at several temperatures between 136 K and 150 K, i.e. up to
the maximum in the TPD spectrum of water on the pristine surface (Fig. 9a-d). Large water
islands exist up to 149 K at step edges and at 150 K between step edges. On the terrace
region, only some small dots can be found (circle in Fig. 9d) at the higher temperature of 150

K (Fig.9d). In contrast to the imaging of water islands on the pristine surface (cf. Fig. 4),
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the water islands are not perturbed by the imaging process, even at high voltages between
~1400 mV and ~2800 mV. A further confirmation of the increase of water binding energy
by the lithium ions.

The covered area does not change up to 149 K, but decreases rapidly at 150 K (Fig. 9e). This
is surprising as the TPD spectra suggest already desorption at the two lower temperatures.
However, the apparent height of the water islands decreases with increasing temperature
(Fig. 9f). The mean of the apparent height reduces from (0.33 &+ 0.04) nm at 136 K to (0.26
+ 0.01) nm at 149 K (Fig.9f). For experimental reasons, the images are taken at higher
voltage for higher temperatures. As such an increase in voltage should lead to an increase
of apparent height, the reduction in apparent height is even larger than suggested by this
histogram. Thus water does not exclusively desorb from the step edges, which would lead to
a decrease in covered area, but from all the island surface. This is consistent with the zeroth
order desorption peak at 154 K, which suggests multilayer desorption. The stabilizing effect

of Li thus facilitates to identify the desorption places of the water.

Conclusions

By combining TPD with STM measurements, we demonstrate the significant influence of a
kosmotropic ion on the structure of water nanoislands. On Au(111), water adsorbs molecu-
larly regardless of the presence of lithium monomers at Li coverages below 0.15 % ML. TPD
spectra suggest that only a fraction of water is more strongly bound by the ions. With in-
creasing water coverage, more and more water desorbs as from the pristine surface. However,
STM measurements reveal that all water molecules are affected by the lithium ions. In this
case, the water nanoislands exhibit no clear layering in contrast to the ones on the pristine
surface. Moreover, STM identifies the desorption sites of the water molecules, surprisingly,
from the top layer of the nanoislands. Our results thus offer a real-space image of the struc-

ture changes to water by kosmotropic ions.
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Our study suggests a similar effect of other kosmotropic ions on the structure of water nanois-
lands, although their larger size might influence the nanoislands geometry and distribution.
In a broader sense, the influence of the surface is expected to be small, because of the major
influence of lithium ions on the structure of supported water nanoislands. Thus our results

could be correlated to solvation of alkali metal ions by water molecules in solution.

Supporting Information

The supporting information provides high-resolution images of Figures in the main manuscript.
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