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ABSTRACT: Salt dissolution is generally encountered in
widespread phenomena in nature. As a typical case, the
dissolution of NaCl has been widely investigated in
aqueous environment, while the process and mechanism
of the on-surface dissolution may diﬀer from that in
solution and remain to be explored. Herein, we model a
NaCl dissolution process on the Au(111) surface with
conﬁned water at room temperature (RT) and above. With
the assistance of adenine molecules as water reservoir and
carrier, the dissolution of NaCl is achieved above RT via
the Langmuir−Hinshelwood mechanism rather than the
Eley−Rideal one, along with the selective formation of
stable Cl− hydrates, which desorb from the surface in the next step. To explore the generality, such a strategy has been
extended to other sodium halide systems (e.g., NaBr and NaI), and expectedly, the dissolution of sodium halides is also
achieved by forming stable Br− and I− hydrates via the Langmuir−Hinshelwood process.
KEYWORDS: dissolution of sodium halides, on-surface ion hydration, conﬁned water, Langmuir−Hinshelwood process,
scanning tunneling microscopy
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water molecules completely desorb from the surface), the
dissolved NaCl island was found to recrystallize on Au(111).18
Based on the above, it is therefore of utmost interest and
challenge to mimic the on-surface NaCl dissolution with
conﬁned water at RT and above, with the aim of exploring the
process of the formation of ion hydrates, more importantly, to
unravel the fundamental mechanism of ion hydration on a
metal surface.
Generally, most reactions that take place at the gas−solid
interface are classiﬁed in terms of two proposed mechanisms,
that is, the Eley−Rideal (ER) and the Langmuir−Hinshelwood
(LH) processes.19−21 The ER process refers to a process in
which a species from the gas phase enters the surface region
and ﬁnds an adsorbed species with which to react and generate
the product. This process essentially depends on the gas−
surface collision, in which a gas-phase species reacts directly
with an adsorbate. The LH process refers to a process in which
two species enter the surface region, adsorb on the surface,
further interact with each other during the random migration

alt dissolution, generally along with the ion hydration
process, is fundamentally important to the environment
and life.1−5 Ion hydration, as a crucial step in the salt
dissolution process, plays a vital role in a wide range of areas
from basic science to artiﬁcial technology, such as biological
ion channels,6,7 water desalination,8 electrochemistry,9 and
aqueous batteries.10 As a typical case, the dissolution of sodium
chloride (NaCl) with the formation of Na+/Cl− hydrates has
attracted tremendous interest and been widely investigated in
both experimental11−13 and theoretical studies.14−16 On the
other hand, the dissolution of NaCl on wet surfaces is
particularly interesting, in which the process and mechanism
could be diﬀerent from that in solution. The model system of
on-surface salt dissolution could be built up and explored by
surface science methods. Under well-controlled ultrahigh
vacuum (UHV) conditions, with the assistance of scanning
probe microscopy (STM andAFM), Jiang et al. achieved the
artiﬁcial assembly of individual Na+ hydrates by means of STM
manipulations and moreover provided real-space evidence on
the detailed structural information on Na+ hydrates at the
atomic scale.17 Furthermore, Jiang et al. also tried to probe the
dissolution process of the Au(111)-supported NaCl islands by
a 2D ice overlayer below the freezing point. It was shown that
after increasing the sample temperature to 155 K (at which
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on the surface, and generate the product. This process occurs
between two accommodated species, in which the reactants
initially coadsorb on the surface and are in thermal equilibrium
with the substrate. To understand the mechanism of
dissolution of NaCl at the surface, consequently, we tried to
perform both ER and LH processes on a noble Au(111)
surface, respectively. First, we heated the NaCl-precovered
surface at diﬀerent temperatures from room temperature (RT)
to ∼500 K (the thermal treatment ensured the dissociation of
Na+ and Cl− on the surface22−25) under a water environment
at a pressure of ∼0.001 mbar. As water molecules can hardly
adsorb on the Au(111) surface above RT,26,27 they may only
interact with the dissociated Na+ and Cl− ions from the gas
phase directly, as occurs in the Eley−Rideal process (cf.
Scheme 1), while it was found that the NaCl square lattice was
Scheme 1. Schematic illustration of the proposed
dissolution of sodium halides (NaCl, NaBr, NaI) via the
Eley−Rideal process (upper panel) and the Langmuir−
Hinshelwood process (lower panel). The formation and
desorption of stable halide ion hydrates are achieved with
A-molecule-conﬁned water via the Langmuir−Hinshelwood
process.

Figure 1. STM images showing the undissolved NaCl on Au(111)
during the ER process. (a) Large-scale and (b) close-up STM
images showing the overview and the atomic-scale lattice of the
NaCl island before exposing to the water environment. (c) Largescale and (d) close-up STM images showing the overview and the
atomic-scale lattice after annealing the sample at 500 K under a
water environment at a pressure of ∼0.001 mbar.

adsorbates, and after annealing the A-H2O and NaCl covered
surface at 390 K, to our surprise, it is found that the formation
of the A-Na structure prevails on the surface, and meanwhile,
the NaCl islands vanish. The comparative experiment shows
that after annealing A and NaCl covered surface at 390 K
without introduction of water results in the phase separation of
A and NaCl structures, which thus indicates that dissolution of
NaCl (i.e., formation and desorption of stable Cl− hydrates) via
the LH process is achieved (cf. Scheme 1). To further explore
the possibility of the formation of Na+ hydrates, we expose the
A-Na structure under the water environment and then anneal
the sample at 400 K; however, it is found that the A-Na
structure is still preserved, which indicates that formation of
stable Na+ hydrates does not seem possible. In order to extend
such a strategy to other salts, we further introduce NaBr and
NaI to explore the universality. As a result, expectedly, we ﬁnd
that dissolution of sodium halides by forming stable Br− and I−
hydrates via the LH process is also achieved. This systematic
study mimics the on-surface salt dissolution by bringing water
molecules from the gas phase to a surface-conﬁned state
(binding with A molecules via hydrogen bonds), and in such a
condition, we demonstrate the process of ion hydration
through the selective formation of stable halide ion hydrates
via the LH process in an eﬃcient and global manner.

not perturbed and there is even no erosion of edges of NaCl
islands (as shown in Figure 1), which thus indicates that the
dissolution of NaCl via the ER process seems unfeasible.
It is then natural to perform the experiment and explore the
possibility of NaCl dissolution via the LH pathway, in which,
importantly, water molecules have to be adsorbed on the “hot”
surface. Therefore, it is necessary to construct a “reservoir” that
enables the conﬁnement of water molecules on the surface.
Inspired from our previous study on the interactions between
water and organic molecules,28 we found that it is possible to
form water-involved structures with A molecules (i.e., A-H2O
structures) via hydrogen bonds, where water molecules can be
trapped and carried by A molecules on the Au(111) surface
and even released from the A-H2O structure via thermal
treatments due to the intrinsic dynamics of hydrogen-bonded
structures. The adenine molecule is thus suitable to be
employed as the water reservoir.
Herein, with the assistance of A molecules, we successfully
bring water molecules from the gas phase onto the surface as

RESULTS AND DISCUSSION
After co-deposition of NaCl and A molecules on the Au(111)
surface held at RT, it is observed that the NaCl and A
molecules keep their own self-assembled structures,29,30 which
are separated on the surface (as shown in Figure 2a). After
subsequently exposing such a sample (held at RT) to the water
environment at a pressure of ∼0.001 mbar, it leads to the
coexistence of NaCl islands and A-H2O structures28 (as shown
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Figure 2. (a−c) STM images showing the dissolution of NaCl on Au(111) above RT via the LH process. (a) STM image showing the phase
separation of A and NaCl structures on Au(111) at RT. (b) STM image showing the coexistence of the A-H2O structure and NaCl island
after exposing the sample (held at RT) to a water environment at a pressure of ∼0.001 mbar. (c) STM image showing the formation of the
A4Na2 chains after annealing the sample at 390 K. (d−f) Formation of the A4Na2 chains after deposition of an A molecule and Na on
Au(111) followed by annealing at 370 K. (d) Large-scale STM image showing the overview of A4Na2 chains. (e) Close-up STM image
partially superimposed with the DFT-optimized gas-phase model. The individual A4Na2 motifs are depicted by white contours. Hydrogen
bonds are depicted by blue dashed lines. H: white; C: gray; N: blue; Na: light blue. (f) High-resolution STM image partially superimposed
with the STM simulation (the gray parts) at a bias voltage of −1.2 V. (g−i) STM images showing the phase separation of A and NaCl
structures after annealing the sample step by step up to 420 K until the desorption of A molecules from the surface.

in Figure 2b). As reported previously,28 water molecules within
the A-H2O structure could be released via thermal treatment
above 350 K. After further annealing the sample to 390 K,
surprisingly, chain structures are formed, as shown in Figure
2c, and more amazingly, the NaCl islands vanish at such a
relatively low temperature. With the insuﬃcient water dosing
at a pressure of 1 × 10−5 mbar and annealing at 390 K, adenine
islands, NaCl islands, and the chain structures are found to
coexist on the surface as shown in Figure S1.
A further comparative experiment of A molecules interacting
with sodium on Au(111) provides more information to
understand this structural transformation. Directly depositing
Na onto the A-covered surface and annealing at 370 K,
interestingly, we observe the formation of characteristically the
same chain structures (cf. Figure 2d) as the ones shown in
Figure 2c. From the close-up STM image (cf. Figure 2e), we
are able to identify that this molecular chain is periodically
composed of tetrameric motifs as indicated by white contours.
Based on the experimental observations, density functional
theory (DFT) calculations are performed, and the optimized
structural model (Figure 2e) together with the STM
simulation (the gray parts shown in Figure 2f) are partially
superimposed on the STM images, respectively. We thus assign

this tetrameric motif to an A4Na2 structure, in which
electrostatic interactions between A-Na and hydrogen bonds
between A−A are distinguished from the DFT model. The
elementary A4Na 2 motifs are further linked with the
neighboring ones via double NH···N hydrogen bonds, forming
the chain structure. This A4Na2 chain structure is stable on the
surface until its desorption at 450 K. On the basis of the above
experimental results, it is natural to attribute the chain
structure shown in Figure 2c to be composed of A4Na2 motifs.
To further explore the structural constituent on the surface
in Figure 2c, that is, to determine if Cl ions are still on the
surface, we then perform another control experiment by simply
depositing A and NaCl on the surface and annealing the
sample step by step without introduction of water. As shown in
Figure 2g−i, it is observed that A and NaCl structures keep the
phase separation after annealing at 390 K, and A molecules
desorb from the surface at 420 K, leaving the NaCl islands
alone. Such an experiment shows that A and Na+ cannot form
the above observed A-Na chain structure when Cl− is present
on the surface; instead, due to the strong interaction between
Na+ and Cl−, formation of NaCl islands is predominant. From
the above, we could determine that Cl ions should be absent in
the situation shown in Figure 2c. On the other hand, it was
6027

DOI: 10.1021/acsnano.9b02259
ACS Nano 2019, 13, 6025−6032

Article

ACS Nano

Figure 3. STM images showing that the A4Na2 chains are still preserved after exposing the surface to the water environment and then
annealing. (a) STM image showing the formation of A4Na2 chains. (b) STM image showing the formation of a disordered phase after
exposing the sample (held at RT) to the water environment at a pressure of ∼0.001 mbar. (c) STM image showing the re-formation of A4Na2
chains after annealing at 400 K.

Figure 4. (a−c) STM images showing the dissolution of NaBr on Au(111) above RT via the LH process. (a) STM image showing the phase
separation of A and NaBr structures on Au(111) at RT. (b) STM image showing the coexistence of the A-H2O structure and NaBr island
after exposing the sample (held at RT) to the water environment at a pressure of ∼0.001 mbar. (c) STM image showing the formation of the
A4Na2 chains after annealing at 420 K. (d−f) STM images showing the formation of an A/NaBr mixture phase after annealing the A and
NaBr precovered sample at 420 K and the desorption of A molecules from the surface at 450 K.

On the basis of the above experimental results and analysis,
we reasonably speculate the possible whole scenario of the
NaCl dissolution as follows: (i) In the beginning, water
molecules are trapped by A molecules forming the A-H2O
structure on the surface. (ii) After annealing above 350 K, AH2O motifs are released from the island structure and diﬀuse
on the surface; meanwhile the thermal treatment at this
temperature enables the dissociation of NaCl into Na+ and Cl−
on the surface.22−25 Water molecules interact with both Cl−
and Na+ in speciﬁc conﬁgurations, e.g., forming OH···Cl−
hydrogen bonds and O−Na+ electrostatic interactions,
respectively. (iii) Further annealing at 390 K leads to the
formation of the stable Cl− hydrates most probably due to this
speciﬁc on-surface hydrogen-bonded conﬁguration among AH2O-Cl− resembling the lever principle (where the O atom
toward the surface acts as the “fulcrum”, cf. Figure S2). For the
A-H2O-Na+ conﬁguration, the O atom faces the Na+ so that
formation of the “lever” is not feasible. Therefore, such an onsurface salt dissolution process along with the selective
formation of stable Cl− hydrates is only realized via the LH
mechanism rather than the ER one.

shown that halogens normally desorb from the Au(111)
surface at temperatures above 500 K20,31−34 (also cf. Figure 1).
Therefore, it is rational to speculate that water molecules
should facilitate the desorption of Cl ions from the surface by
forming stable Cl− hydrates. At this point, we could safely draw
the conclusion that the dissolution of NaCl through surfaceconﬁned water molecules via the LH process is achieved (also
cf. Scheme 1).
Theoretical studies on NaCl dissolution14−16 with a liquid
water ﬁlm inferred that the anion’s preferential dissolution is
due to its polarizability, which is in good agreement with our
experiment in which NaCl is dissolved on the Au(111) surface
along with the formation and desorption of stable Cl−
hydrates. The next question arises: can we achieve the
formation of Na+ hydrates? After exposing the A4Na2 chain
structures (cf. Figure 3a) to the water environment at a
pressure of ∼0.001 mbar, it leads to the formation of a
disordered phase (as shown in Figure 3b). Further annealing
the sample to 400 K, however, results in the re-formation of
the A4Na2 chains (Figure 3c), which suggests that in this
process the formation of stable Na+ hydrates is not achieved.
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Figure 5. (a−c) STM images showing the dissolution of NaI on Au(111) above RT via the LH process. (a) STM image showing the
formation of an A and NaI mixture phase after deposition of A and NaI on Au(111) held at RT. (b) STM image showing the formation of an
A-H2O and NaI mixture phase after exposing the sample (held at RT) to a water environment at a pressure of ∼0.001 mbar. (c) STM image
showing the formation of the A4Na2 chains after annealing at 440 K. (d−f) STM images showing the formation of A4Na2-I chains after
annealing an A and NaI precovered sample at 370 K and the A/NaI mixture phase following the herringbone reconstruction of Au(111) at
440 K.

Figure 6. (a−c) Formation of A4Na2 chains stitched by iodine on Au(111) formed by direct iodine doping on an A4Na2 chains precovered
surface. (a) Large-scale and (b) close-up STM images showing the A4Na2 chains stitched by iodine. The individual A4Na2 motifs and the
iodine are depicted by white contours and purple circles, respectively. (c) High-resolution STM image partially superimposed with the
structural model. H: white; C: gray; N: blue; Na: light blue. I: purple. (d−f) Formation of A4Na2 chains after exposing the A4Na2-I chains
precovered surface to a water environment and then annealing. (d) STM image showing the A4Na2 chains stitched together by iodine. (e)
STM image showing the mixture of A-H2O and NaI after exposing the sample (held at RT) to a water environment at a pressure of ∼0.001
mbar. (f) STM image showing the formation of individual A4Na2 chains after annealing at 440 K.

that the dissolution of NaBr and NaI via the ER process seems
unfeasible also.
Next, the LH processes of NaBr and NaI dissolution are
modeled with the assistance of the A molecules as the water
reservoir on the surface. After co-deposition of NaBr and A
molecules on the Au(111) surface held at RT, it is observed
that the NaBr and A molecules remain separated in their own
self-assembled structures (as shown in Figure 4a). After
subsequently exposing such a sample (held at RT) to the water

Moreover, to explore the generality of such a strategy, we
perform further studies with the introduction of other sodium
halides (e.g., NaBr and NaI). First, we also model the ER
process by heating the NaBr and NaI precovered Au(111)
surface at diﬀerent temperatures (from RT to ∼500 K) under a
water environment at a pressure of ∼0.001 mbar, respectively.
It is found that the NaBr and NaI square lattices were also not
perturbed and there is no erosion of edges of salt islands (as
shown in Figures S3 and S4, respectively), which thus indicates
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environment at a pressure of ∼0.001 mbar, it leads to the
coexistence of NaBr islands and A-H2O structures (as shown in
Figure 4b). Further annealing the sample to 420 K results in
the formation of A4Na2 chains and the vanishing of NaBr
islands (as shown in Figure 4c) as expected.
To further explore if Br ions are still on the surface or not,
we similarly performed the control experiment by simply
depositing A and NaBr on the surface and annealing the
sample step by step without introduction of water. As shown in
Figure 4d−f, it is observed that A and NaBr separated
structures transform into the disordered phase after annealing
the sample at 420 K, and A molecules desorb from the surface
at 450 K, leaving the NaBr islands alone. Such an experiment
shows that A and Na+ cannot form the A-Na chain structure
when Br− is present on the surface; instead, due to the strong
interaction between Na+ and Br− (stronger than that between
Na+ and I− but weaker than that between Na+ and Cl−),35
formation of an A/NaBr mixture is predominant. It is
speculated that NaBr should exist in the mixed structure in
the form of a Na−Br dimer. On the other hand, it was shown
that Br normally desorbs from the Au(111) surface at
temperatures above 500 K31,32 (also cf. Figure S3). Therefore,
it is rational to speculate that water molecules should facilitate
the desorption of Br ions from the surface by forming stable
Br− hydrates. From the above, we could conclude that Br ions
should be absent in the situation shown in Figure 4c. Thus, it
demonstrates that the dissolution of NaBr through surfaceconﬁned water molecules via the LH process is achieved.
Finally we discuss the case of the experiment involving NaI.
After co-deposition of NaI and A molecules on the Au(111)
surface held at RT, it is observed that the NaI and A molecules
directly mix with each other (as shown in Figure 5a). After
subsequently exposing such a sample (held at RT) to the water
environment at a pressure of ∼0.001 mbar, it leads to the
formation of an A-H2O and NaI mixture phase (as shown in
Figure 5b). Further annealing the sample to 440 K results in
the formation of A4Na2 chains (as shown in Figure 5c), as
expected. To further explore if I ions are still on the surface, we
also perform a control experiment by simply depositing A and
NaI on the surface and annealing the sample step by step
without introduction of water. NaI and A molecules directly
mix to form the disordered phase (Figure 5d) on Au(111) at
RT, and it is able to transform into the ordered multiple chains
with thermal treatment at 370 K (Figure 5e). Such an
experiment shows that A, Na+, and I− form the multiple chain
structure resembling the single A-Na chains stitched by I− due
to the even weaker interaction between Na+ and I− in
comparison with that between Na+ and Br−.35 More details on
this multiple chain structure are shown in Figure 6. Further
annealing the sample at 440 K leads to the destruction of the
chains and the formation of the A/NaI mixture phase following
the herringbone reconstruction of the Au(111) surface (as
shown in Figure 5f). In all, the single A4Na2 chain structures
(cf. Figure 5c) is hindered due to the presence of I−.
To further study the multiple chain structure (Figure 5e), a
comparative experiment has been performed by introducing
iodine to the A4Na2 chains, as shown in Figure 6a, which leads
to the formation of the same multiple chains as shown in
Figure 5e. As shown in the close-up STM image (Figure 6b),
the bright protrusions are assigned to the iodine (indicated by
purple circles), and the A4Na2 motifs are depicted by the white
contours. The corresponding structural model partially superimposed on the high-resolution STM image is shown in Figure

6c. After subsequently exposing the A4Na2-I chains precovered
sample (Figure 6d) to a water environment at a pressure of
∼0.001 mbar, it leads to the formation of an A-H2O/NaI
mixture (as shown in Figure 6e). Further annealing the sample
to 440 K also results in the formation of single A4Na2 chains
(Figure 6f). Previous studies have shown that iodine normally
desorbs from the Au(111) surface at temperatures above 500
K33,34 (also cf. Figure S4). Again, it is rational to speculate that
water molecules should facilitate the desorption of I ions from
the surface by forming the stable I− hydrates. From the above,
we conclude that the dissolution of NaI through surfaceconﬁned water molecules via the LH process is achieved.

CONCLUSIONS
In conclusion, with the assistance of A molecules as a water
reservoir and carrier, we achieve the dissolution of sodium
halides (NaCl, NaBr, NaI) above RT via the LH mechanism,
along with the selective formation and desorption of stable
halide ion hydrates from the Au(111) surface. Such an onsurface salt dissolution is only realized via the LH process
rather than the ER one. To do so, water molecules conﬁned by
adenine molecules is a prerequisite to facilitate the dissolution
process. The strategy also oﬀers a facile way to prepare
diﬀerent halide ion hydrates for further studies on the
hydration number of these ion hydrates, which may be further
related to their conﬁgurations and properties. Furthermore, a
similar on-surface strategy could be extended to conventional
insoluble salts, for example, silver chloride (AgCl), which may
allow us to gain fundamental insight into the mechanism of
solubility by surface science methods.
METHODS
All STM experiments were performed in a UHV chamber (base
pressure 1 × 10−10 mbar) equipped with a variable-temperature, fastscanning “Aarhus-type” STM using electrochemically etched W tips
purchased from SPECS,36,37 a molecular evaporator, and an e-beam
evaporator, and other standard instrumentation for sample preparation. The Au(111) substrate was prepared by several cycles of 1.5 keV
Ar + sputtering followed by annealing to 800 K for 15 min, resulting in
clean and ﬂat terraces separated by monatomic steps. The adenine
molecule (from Sigma-Aldrich (purity >99%) and NaCl, NaBr, and
NaI salts (from Sigma-Aldrich, purity >99%) were loaded into
diﬀerent glass crucibles in the molecular evaporator. After a thorough
degassing, the A molecules and salts were deposited onto the Au(111)
surface by thermal sublimation. The alkali metal sodium was
evaporated from Alvasource (from Alvatec) via conventional
resistance heating after fully degassing. Pure deionized water (from
Sigma-Aldrich) was loaded in a dosing tube positioned in the
preparation chamber and further puriﬁed under vacuum by several
freeze−thaw cycles to remove remaining impurities.38 Water
molecules were then continuously dosed in situ onto the Au(111)
surface held at room temperature through a leak valve at a pressure
from 10−5 to 10−3 mbar. I2 (from Sigma-Aldrich, purity >99%) was
dosed in situ onto the surface through a leak valve at a pressure of
∼10−7 mbar. The sample was thereafter transferred within the UHV
chamber to the STM, where measurements were carried out at ∼150
K. All of the STM images were further smoothed to eliminate noises.
Scanning conditions: It = 0.5−0.8 nA, Vt ≈ −1200 mV.
The calculations were performed in the framework of DFT by
using the Vienna ab initio simulation package (VASP).39,40 The
projector-augmented wave method was used to describe the
interaction between ions and electrons;41,42 the Perdew−Burke−
Ernzerhof generalized gradient approximation exchange−correlation
functional was employed,43 and van der Waals interactions were
included using the dispersion-corrected DFT-D3 method of
Grimme.44 The atomic structures were relaxed using the conjugate
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gradient algorithm scheme as implemented in the VASP code until
the forces on all unconstrained atoms were ≤0.03 eV/Å. The
simulated STM images were obtained by the Hive program based on
the Tersoﬀ−Hamann method.45,46
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