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ABSTRACT: Water adsorption on metal surfaces is ubiquitous in broad
natural and technological settings. However, elucidating this phenomenon is
often challenging due to difficulties in accurately determining the morphology
and understanding the chemistry of adsorbed water networks. Here, we
report a significant discovery of the water-hydroxyl (H2O−OH) wetting
monolayer, which has long been deemed possible only on hydrophilic metal
surfaces, now realized on an archetypal hydrophobic metal surface, Ag(111).
Ab initio structure searches predicted a hexagonal hydrogen-bonded network
comprising alternating H2O and OH units; ensuing low-energy-electron-
assisted synthesis in concert with extensive characterization and computa-
tional simulation provided compelling evidence of an H2O−OH monolayer
realized on the Ag(111) surface, with remarkable stability up to near room
temperature. Our finding brings new insights into the intriguing chemistry of H2O−OH overlayers on metal surfaces, and the
electron-assisted synthesis opens a unique pathway toward creating delicate molecular networks.

■ INTRODUCTION
Water adsorption on solid, especially metal, surfaces is a
ubiquitous phenomenon and plays crucial roles in a wide range
of physicochemical processes such as catalysis, corrosion, and
electrochemistry.1−5 Understanding water adsorption on metal
surfaces is of fundamental scientific importance and carries
significant practical implications, therefore having long been
attracting broad interest.6−8 The adsorption of water on active,
hydrophilic metal surfaces such as Pt(111), Ru(0001),
Pd(111), Cu(110), and Ni(111) is typically accompanied by
spontaneous dissociation, producing hydroxyl (OH) groups,
which are important and stable intermediates in the hydrogen
oxidation reaction.9 These hydrophilic metal surfaces, often
taken as exemplary model substrates, allow the formation of
hydrogen (H)-bonding structures of water-hydroxyl (H2O−
OH) due to thermal and electron-stimulated water dissocia-
tion.10−20 Michaelides et al. first theoretically proposed an
extended H2O−OH overlayer structure on the Pt(111)
surface.21 Since then, a variety of mixed H2O−OH overlayer
structures have been identified on different hydrophilic metal
surfaces. For example, H2O molecules dissociate and form a
hexagonal network with a 1:1 ratio of H2O and OH arranged
in a ×( 3 3 ) R30° or p(3 × 3) periodicity on hexagonal,
close-packed metal surfaces.18−20 Meanwhile, diverse struc-
tures such as extended one-dimensional 1H2O/1OH chains
and two-dimensional (2D) hexagonal (2H2O + 1OH) c(2 × 2)
networks22−24 were identified on open Cu(110) and Ni(110)

surfaces, where the H-bonding network between H2O and OH
groups contributes to the stability of the H2O−OH
monolayer.25 Furthermore, H2O−OH overlayers can also
form as intermediates in water formation reactions.26

In stark contrast to hydrophilic metal surfaces, hydrophobic
metal surfaces such as Cu(111), Ag(111), and Au(111) tend
to drive H2O molecules into aggregated three-dimensional
clusters rather than forming extended 2D wetting over-
layers.27−30 However, recent studies have shown that H2O
molecules can nevertheless form well-ordered, interlocked
bilayer ice structures on Au(111)31 and Au(110)32 surfaces,
which is driven by the water−water H-bonding interaction
dominating over the relatively weaker water-metal interactions.
These findings offer new insights into the distinct water-
wetting behavior on these weakly hydrophobic surfaces.

Due to high activation barriers associated with bond
breaking, producing OH groups via dissociation of water on
hydrophobic surfaces is kinetically hindered.6,8 The high
temperature (well above ∼ 150 K33) required to dissociate
water by thermal activation would lead to direct desorption of
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water from the substrate at low coverage,34,35 instead of
forming OH groups. First-principles calculations have further
shown that the adsorption of H2O−OH−H overlayers on
Ag(111) and Cu(111) involves significantly weaker inter-
actions than those on hydrophilic metals such as Pt(111) and
Pd(111).36 Consequently, the formation of a H2O−OH
overlayer on hydrophobic metal surfaces has been considered
infeasible in the prevailing paradigm of water adsorption on
metal surfaces.

In this work, we report the discovery of a H2O−OH wetting
monolayer on a hydrophobic metal surface, Ag(111), which
was first predicted via an advanced ab initio structure search
and then successfully realized using a low-energy-electron-
assisted (LEEA) synthesis method, which activates some H2O
molecules to dissociate into OH by electron injection at low
temperatures. The synthesized H2O−OH monolayer exhibits
remarkable thermal stability up to 275 K near room
temperature. This discovery sheds new light on the micro-
scopic mechanisms that alter the morphology and chemistry of
the H2O−OH overlayer on the archetypal hydrophobic metal
surface Ag(111). This mechanism is expected to be robust and
applicable to additional hydrophobic metal surfaces, making
what was long thought prohibitive now permissible, thereby
broadening the fundamental understanding of water adsorp-

tion on structurally and chemically more diverse, technically
important, and practically often encountered metal surfaces.

■ RESULTS AND DISCUSSION
Theoretical Prediction of the Stable H2O−OH

Monolayer on the Ag(111) Surface. We performed ab
initio structure searches for freestanding HxOy monolayers
using the CALYPSO method,37−40 which predicted a planar
H2O−OH monolayer with layer group cm2m (No. 35),41 with
alternating H2O molecules and OH groups interconnected via
hydrogen bonds (Figure 1a,b). Note that the mixed H2O−OH
building block has been previously proposed in refs 10−20
This H2O−OH network is analogous to the hexagonal
monolayer ice structure42,43 but with a missing hydrogen
atom atop the H2O molecule, featuring two O−O distances of
2.67 Å and 2.52 Å and distinct hydrogen bond lengths of 1.67
Å and 1.48 Å (Figure 1a). Phonon calculations confirm the
dynamic stability of this freestanding H2O−OH monolayer
(Figure S1).

Adsorption of the H2O−OH monolayer on a suitable metal
substrate is expected to be favorable to its stability due to the
bonding interaction between the OH groups and surface metal
atoms.8 We examined the adsorption on representative
hexagonal close-packed metal surfaces, including Au(111),

Figure 1. Structural features of the H2O−OH monolayer. (a,b) Top and side view of the structure of the freestanding H2O−OH monolayer. The
red and dark blue spheres represent O atoms in the OH groups and H2O molecules, respectively, while the pink spheres donate H atoms. (c,d) Top
and side view of the crystal structure of ×( 7 7 ) R19.1°-(H2O−OH)/(4 × 4)-Ag(111). For clarity, only the Ag atoms in the top surface layer
are shown. The red, dark blue, and light blue spheres represent O atoms in the OH groups, in H2O molecules closer to the Ag surface, and in H2O
molecules farther from the Ag surface, respectively. (e) Average distances (d1, d2, and d3) between the adsorbed O atoms and the Ag atoms in the
top surface layer.

Figure 2. Adsorption energy and bonding of the H2O−OH monolayer on Ag(111). (a) Calculated adsorption energy of the H2O−OH monolayer
with varying H2O to OH ratios on Ag(111). (b−e) Optimized ( 7 × 7 )R19.1°-14H2O/Ag(111), ( ×7 7 )R19.1°-(10H2O−4OH)/
Ag(111), ( ×7 7 )R19.1°-(8H2O−6OH)/Ag(111), and ( ×7 7 )R19.1°-(6H2O−8OH)/Ag(111) structures. Red, dark blue, and light blue
spheres denote O atoms in OH groups, in H2O molecules closer to the Ag surface, and in H2O molecules farther from the Ag surface, respectively.
Additional cases are shown in Figure S2. (f) Average distances of the three types of O atoms from the Ag surface.
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Ag(111), Cu(111), Pd(111), Pt(111), and Ru(0001). Among
tested overlayer models, the ×( 7 7 ) R19.1°-(H2O−
OH)/(4 × 4)-metal structure (Figure 1c,d) matches
subsequent experimental results and is adopted in the present
study. The honeycomb network is well preserved on the
surfaces of Ag and Au, with adsorption energies of −47 and
−34 meV/atom, respectively, while the monolayer structure
was disrupted on the Cu, Pd, Pt, and Ru substrates due to large
lattice mismatches between the overlayer and substrates. The

×( 7 7 ) R19.1°-(H2O−OH) monolayer has a smaller
lattice mismatch of 3.10% on Ag(111) than that on the
Au(111) surface (3.32%). We take Ag(111) as an exemplary
template for an in-depth study of H2O−OH adsorption on a
hydrophobic metal surface.

Unlike in a freestanding H2O−OH monolayer, the O atoms
in the ×( 7 7 )-(H2O−OH) overlayer on Ag(111) are
noncoplanar and show distinct average distances from the
Ag(111) surface (Figure 1e), among which the O atoms in the
OH groups have the shortest average distance of 1.95 Å, while
the O atoms in the H2O molecules fall into two categories,
with the average distances of 2.26 and 3.08 Å, respectively.
These results indicate that the OH groups bind more strongly
than the H2O molecules to the Ag(111) surface.

To assess the stability of the H2O−OH overlayers with
varying composition ratios, we calculated the adsorption
energy as a function of the OH content within a in

×( 7 7 ) periodic model ranging from zero (14H2O) to
full (14OH). The results (Figure 2a) show that the adsorption
energy for H2O on Ag(111) is −0.3 eV/H2O, and the
formation of H2O−OH on Ag(111) is exothermic. With rising
OH content, the adsorption energy first increases, reaching the
maximum (i.e., most negative) values near a 1:1H2O to OH
ratio, before decreasing with a further rise of the OH content.
Therefore, the energetically optimal configuration for H2O−
OH on the Ag(111) surface contains roughly equal amounts of
water and hydroxyl, forming a complete H-bonding network
(Figure 1c). Higher OH ratios eventually break the complete
2D H-bonding network and lead to the dissociation of OH

into H2O and atomic O (Figure S2). Figure 2b−e shows four
cases of ×( 7 7 )-(H2O−OH) overlayers on the (4 × 4)
Ag(111) surface. It is seen that the introduction of OH groups
leads to the formation of three types of O atoms, and their
average distances to the Ag surface all decrease with rising OH
coverage (Figure 2f), indicating enhanced interactions between
the overlayer and the Ag(111) surface, thus increasing the
adsorption energy (Figure 2a). Additionally, the H2O
molecules in the H2O−OH overlayers have a smaller average
distance from the Ag surface compared to those in pure H2O
adsorbed on Ag(111), suggesting that the presence of the OH
groups has notably reduced the hydrophobicity of the Ag(111)
surface.44

Synthesis of H2O−OH Monolayer by the LEEA
Method and Structural Characterization. Previous studies
revealed that H2O−OH overlayers can form on hydrophilic
metal surfaces via H2O dissociation into OH groups by
thermal or electron activation.12,16 However, the activation
barrier for H2O dissociation on hydrophobic metal surfaces is
well above the desorption barrier,8 thus inhibiting the
formation of adsorbed H2O−OH overlayers. In this work,
we employed an LEEA method that enables the production of
OH groups through dissociation of H2O via electron injection
at low temperatures, which was identified by our calculations,
leading to successful synthesis of the H2O−OH monolayer on
an archetypal hydrophobic Ag(111) surface. Our calculations
support the notion that electron injection facilitates the
production of OH groups (Figure S3).

Figure 3a depicts our experimental setup for the LEEA
synthesis of H2O−OH on a Ag(111) surface. A high-quality
clean Ag(111) substrate was first prepared, as verified by the
sharp low-energy electron diffraction (LEED) pattern (Figures
3b and S4a). The LEED pattern deteriorated considerably and
became barely visible (Figure S4b) after water coverage, which
obscures the Ag(111) from LEED detection, which is an
extremely surface-sensitive technique. Exposing the surface to a
low-energy (120 eV) electron beam gradually brought back the
1 × 1 LEED pattern (Figure S4c), indicating the formation of a
thin and uniform overlayer that once again allows a clear

Figure 3. Synthesis and characterization of the H2O−OH monolayer on Ag(111). (a) Schematic diagram of LEEA synthesis that induces the
dissociation of H2O into H and OH on the Ag(111) surface. (b) Measured LEED patterns: clean Ag(111) at 70 K (left), Ag(111) with H2O
coverage exposed to an electron beam of energy 120 eV for 45 s at 70 K and annealed at 275 K (middle), and then annealed at 300 K (right). (c)
Measured STM image of H2O−OH on Ag(111) (left) and simulated STM image of the ×( 7 7 ) R19.1°-7(H2O−OH)/Ag(111) (right). The
red parallelogram marks the primitive cell, and the red hexagon outlines the hexagonal bonding pattern of three bright protrusions alternating with
three less bright protrusions. (d) Structure of the ×( 7 7 ) R19.1°-(H2O−OH)/Ag monolayer (left) and the highlighted structural units
underlying the bright and less bright spots in the STM image (right). The red, dark blue, and light blue spheres denote O atoms in OH groups, in
H2O molecules closer to the Ag surface, and in H2O molecules farther from the Ag surface, respectively.
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imaging of the Ag(111) surface, but the overlayer is not
ordered, as no new LEED spots appeared at this stage of the
experiment.

The initial synthesis and characterization described above
were carried out at 70 K to reduce potentially harmful thermal
effects. Annealing at 220 K shows a low-quality 4 × 4 LEED
pattern in alignment with the Ag(111) lattice structure (Figure
S4d), indicating the thermally activated initial formation of a
small-area ordered overlayer. Annealing at 260 K shows a
relatively clear 4 × 4 LEED pattern (Figure S4e), representing
a more extensive ordered overlayer. Subsequent annealing at
275 K brings about the clearest 4 × 4 LEED pattern (Figures
3b and S4f), indicating the formation of a large-area, long-
range, well-ordered overlayer. Upon further annealing at 285
K, the 4 × 4 LEED pattern starts to fade away (Figure S4g)
and disappears at 300 K (Figure 3b), indicating thermally
induced structural destruction of the H2O−OH layer. These
results show that the H2O−OH monolayer on Ag(111)
remains stable up to near room temperature.

To characterize the synthesized H2O−OH overlayer on
Ag(111), we performed high-resolution scanning tunneling
microscopy (STM) measurements, and the obtained topo-
graphic image of the H2O−OH overlayer (Figure 3c, left
panel) reveals a hexagonal pattern consisting of three bright
protrusions alternating with three less bright protrusions. For
comparison, we simulated the STM image of ×( 7 7 )
R19.1°-(H2O−OH)/Ag and the results (Figure 3c, right
panel) are in excellent agreement with the experimental STM
image. Structural analysis (Figure 3d) and integrated local
density of states analysis (Figure S5) indicate that each bright
protrusion (marked by a black circle) corresponds to a
H2O(OH)3 unit and each less bright protrusion (marked by a
blue circle) corresponds to a cyclic OH−H2O hexamer. The
H2O molecule in a H2O(OH)3 unit is farther from the Ag

surface (3.38 Å) compared to the hexamer (2.27 Å), producing
brighter spots in the STM image. A more detailed analysis has
been provided in the Supplementing Information. This close
agreement of the experimental and simulated STM images
lends strong support to the proposed structural model of the
H2O−OH monolayer on Ag(111). This finding is further
supported by a large-area STM imaging that shows an overall
submonolayer coverage of the Ag(111) surface (Figure S6)
after annealing at 275 K, which provides thermal activation to
equilibrate the overlayer and promote the energetically
favorable monolayer H2O−OH on Ag(111).

Distinct Electronic Fingerprint of the H2O−OH
Monolayer on the Ag(111) Surface. In search of a possible
identifying electronic fingerprint of the H2O−OH monolayer
on Ag(111), we probed the synthesized ×( 7 7 ) R19.1°-
(H2O−OH) using angle-resolved photoemission spectroscopy
(ARPES) (Figure 4a−c), in concert with related first-principles
band-structure calculations (Figure 4d). Comparison of the
measured ARPES second-derivative images of the clean
Ag(111) surface (Figure 4a) and the ×( 7 7 ) R19.1°-
(H2O−OH) monolayer (Figure 4b) reveals a set of nearly
dispersionless bands distributed in an energy around ∼ 2.1 eV
below the Fermi level. This flat band is also clearly observed in
the energy distribution curve (Figure 4c). The corresponding
calculated electronic band structure confirms the existence of
flat bands in the energy range from −2.1 to −1.7 eV (Figure
4d, left panel), which produced a prominent peak in the
projected density of states near −1.83 eV (Figure 4d, right
panel), consistent with the ARPES measurements. In sharp
contrast, the flat bands of pure water on Ag are located at
much deeper energy levels, with the closest flat band
positioned 4.3 eV below the Fermi level (Figure S7a), which
is consistent with the ARPES measurements (Figure S7b). As a

Figure 4. Measured and calculated electronic bands and XPS data for the H2O−OH monolayer on Ag(111). (a−c) ARPES second derivative
images of the clean Ag(111) surface and the (H2O−OH)/Ag(111) monolayer at 70 K, along with the energy distribution curve of the latter. (d)
Calculated atom-resolved electronic band structure and projected density of states (PDOS, states/eV) of ×( 7 7 ) R19.1°-(H2O−OH)/
Ag(111). (e) XPS data of (top to bottom) H2O on the Ag(111) surface at 70 K, after electron beam injection at 70 K, the H2O−OH monolayer
after annealing at 275 K, and after annealing at 300 K.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c06679
J. Am. Chem. Soc. 2025, 147, 21162−21169

21165

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c06679/suppl_file/ja5c06679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c06679/suppl_file/ja5c06679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c06679/suppl_file/ja5c06679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c06679/suppl_file/ja5c06679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c06679/suppl_file/ja5c06679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c06679/suppl_file/ja5c06679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c06679/suppl_file/ja5c06679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c06679/suppl_file/ja5c06679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c06679/suppl_file/ja5c06679_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c06679?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c06679?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c06679?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c06679?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c06679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


result, this agreement of the calculated and measured flat-band
features serves as a distinct fingerprint in support of the
proposed H2O−OH monolayer structure on the Ag(111)
surface.

Direct Detection of OH Groups in the H2O−OH
Monolayer on the Ag(111) Surface. We performed in situ
X-ray photoelectron spectroscopy (XPS) measurements
(Figure 4e) to probe electron injection-induced water
dissociation on the Ag(111) surface under different thermal
treatments. When water adsorption occurred on the clean
Ag(111) surface at 70 K without electron beam irradiation, the
XPS spectra of the O 1s core level exhibit one emission band at
533.9 eV, consistent with the binding energy of 533.4 eV of
H2O adsorption on Cu(110),45 indicating that H2O molecules
remain intact without dissociation. Upon electron beam
irradiation at 70 K, one new peak appeared at 531.3 eV,
attributed to the OH groups.44−46 At this stage, the intensity of
the H2O peak is stronger than that of the OH peak, suggesting
that H2O molecules and OH groups are not in an ordered
structure, which is in agreement with the LEED results (Figure
S4c). Furthermore, these findings demonstrate that H2O
molecules have dissociated to produce OH groups under
electron beam irradiation at low temperatures, and the formed
structure is distinct from the phases of p(4 × 4)-O/
Ag(111)47−49 and H2O−O coadsorption on metal surfa-
ces.50,51

Subsequent annealing at 275 K leads to the formation of a
well-ordered ×( 7 7 ) R19.1°-(H2O−OH) overlayer. The
ratio of the OH groups and H2O molecules is nearly 1:1 in the
synthesized monolayer, as evidenced by their nearly equal peak
intensities. After the substrate is annealed at 300 K, the O 1s
peak belonging to H2O vanishes, indicating disintegration of
the H2O−OH overlayer, leaving behind some remnant OH
groups on the Ag(111) surface. The XPS measurements thus
provide direct evidence for the presence of dissociated OH
species in the H2O/Ag(111) system following electron beam
irradiation.

Optimizing H2O−OH Monolayer by Tuning Electron
Beam Irradiation Time. The synthesis of a H2O−OH
monolayer is sensitive to electron beam exposure time, which
tunes and optimizes the long-range ordered overlayer
structure. Figure 5a shows the evolution of LEED patterns
from the H2O−OH/Ag(111) monolayer annealed at 275 K
after different electron beam irradiation times. Short irradiation

times of 15 and 30 s yield no well-defined LEED patterns
beyond that of the substrate, suggesting that the brief electron
beam exposure only induced dissociation of a small fraction of
H2O molecules into OH groups, which was insufficient for the
formation of a well-ordered H2O−OH network on Ag(111).
After a longer, optimal electron beam exposure time of 45 s,
the LEED pattern exhibits sharp diffraction spots associated
with the long-range ordered ×( 7 7 ) R19.1°-(H2O−OH)
monolayer. The diffraction spots fade away (at 60 s) and then
disappear (at 90 s) after further prolonged electron beam
exposure, suggesting that most or all H2O molecules have
dissociated and the abundance of OH groups were unable to
form well-ordered overlay structures.

Meanwhile, the energy distribution curves from flat-band
regions of ARPES measurements (Figure 5b) associated with
the appearance of the OH groups in the H2O−OH network on
the Ag(111) surface (Figure 4a,d) show rising intensity with
the initial increase of electron irradiation time up to 45 s,
which enables more extensive dissociation of H2O molecules
into OH groups, leading to increased coverage of the long-
range ordered H2O−OH network on Ag(111). Once the
irradiation time exceeds the optimal 45 s, the intensity of the
energy distribution curves gradually decreases, indicating
damage to the well-ordered H2O−OH monolayer. These
results are consistent with the LEED patterns (Figure 5a) and
calculated adsorption energies (Figure 2a), demonstrating the
critical role of electron irradiation time in inducing water
dissociation and tuning and optimizing the formation of the
H2O−OH monolayer on Ag(111).

Our findings suggest that the presence of OH groups can
significantly reduce the intrinsic hydrophobicity of the
Ag(111) surface. This transformation from a weakly interacting
water−metal interface to a more hydrophilic one, driven by
partial water dissociation and H-bonding network formation,
provides broader insight into how surface chemistry can be
tuned even on relatively inert or hydrophobic substrates.
Additionally, we believe this point extends beyond Ag,
suggesting that similar OH-mediated effects could play a role
in modifying the water affinity on other metals or oxides
typically considered hydrophobic. This has potential implica-
tions for interfacial processes, such as heterogeneous catalysis,
corrosion, and electrochemical reactions.

■ CONCLUSION
Our discovery of a robust H2O−OH wetting monolayer, which
has long been considered to occur only on hydrophilic metal
surfaces, represents an advancement in extending this
ubiquitous phenomenon to a distinct and important class of
metals, as demonstrated on the archetypal hydrophobic metal
surface Ag(111). This work is built on two foundational pillars.
The first is a powerful ab initio structure search method that
predicted a H2O−OH monolayer in a well-ordered, hexagonal
H-bonded network; the second is an LEEA synthesis technique
tailored to induce H2O dissociation into H and OH via low-
energy electron injection without destabilizing the water
overlayer. Ensuing STM and ARPES measurements, along
with pertinent computational simulations, provide compelling
evidence supporting the formation of the ×( 7 7 ) R19.1°-
(H2O−OH)/Ag(111) monolayer, which exhibits remarkable
thermal stability up to near room temperature. The H2O−OH
monolayer is expected to be achievable on broad hydrophobic
metal surfaces with suitable lattice compatibility following the

Figure 5. Effect of electron irradiation time on the long-range
structural ordering of the H2O−OH overlayer on Ag(111). (a), LEED
patterns under varying electron irradiation times of the H2O−OH
monolayer on Ag(111) annealed at 275 K. (b) Corresponding energy
distribution curves from ARPES measured at 70 K for the H2O−OH
monolayer on Ag(111).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c06679
J. Am. Chem. Soc. 2025, 147, 21162−21169

21166

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c06679/suppl_file/ja5c06679_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c06679/suppl_file/ja5c06679_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c06679?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c06679?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c06679?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c06679?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c06679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


same protocol based on the robust low-energy electron
injection mechanism. This work paves the way for exploring
the wide-ranging phenomena of molecular crystal overlayer
adsorption on substrates of diverse structure and chemistry
characteristics.

■ METHODS
Structure Predictions and First-Principles Calculations. We

performed structure searches for the freestanding H2O−OH
monolayer using the CALYPSO method.37−40 The structural
relaxations and electronic structure calculations were carried out in
the framework of density functional theory (DFT),52 as implemented
in the Vienna ab initio simulation package (VASP).53,54 The Perdew−
Burke−Ernzerhof generalized gradient approximation55 was employed
to describe the exchange−correlation potential, and the projector
augmented-wave potentials56 were used to account for electron−ion
interactions. In the case of the freestanding H2O−OH monolayer,
plane-wave cutoff energy of 600 eV and Monkhorst−Pack meshes57

with a grid of 15 × 15 × 1 were adopted, ensuring energy and force
convergence precisions of 10−6 eV and 0.01 eV/Å, respectively. For
the H2O−OH structures in the ( ×7 7 )R19.1° period on metal
surfaces, the plane-wave cutoff energy of 550 eV and Monkhorst−
Pack meshes57 with a grid of 2 × 2 × 1 were adopted. These settings
were chosen to ensure energy and force convergence precisions of
10−4 eV and 0.05 eV/Å, respectively. A six-layer slab with a 4 × 4
surface unit cell was used to model the Ag(111) surface. During
structural optimization for ( ×7 7 )R19.1°-(H2O−OH)/(4 × 4)
Ag, the lattice constants were fixed while all atomic positions were
relaxed.

The adsorption energy per molecule is defined as

=
+

+
( )

E
E E x y

x yad
tot slab H O

1
4 O

1
2 H O2 2 2

(1)

where Etot and Eslab represent the total energy of the adsorption
system and the clean Ag slab, respectively. The chemical potentials

H O2
and μO2 refer to those of gas-phase H2O and O2, respectively.

The parameters x and y denote the number of H2O and OH species
in the system, respectively.

Phonon calculations for the freestanding H2O−OH monolayer
were carried out using the direct supercell method implemented in
the PHONOPY code58 with a (4 × 4 × 1) supercell. The
temperature-dependent effective potential method was used to
determine the influence of thermal effects on the phonon dispersion
relations by constructing interatomic force-constant matrices using
information obtained from ab initio molecular dynamics trajecto-
ries.59−61

The STM images of the ×( 7 7 ) R19.1°-(H2O−OH)/
Ag(111) absorbed monolayer system were simulated using the
Tersoff−Hamann approach,62 which models an s-wave STM tip as
follows

= | |n r E r E( , ) ( ) ( )
u

u
2

I r V E r E( , ) d ( , )
E

n
f

In this method, the tunneling current, which depends on tip
position r and applied voltage V, is proportional to the integrated local
density of states (ILDOS) n(r,E). The ILDOS is calculated from the
Kohn-Sham eigenvectors, φμ(r), and eigenvalues, εu, where μ labels
different states. Ef is the Fermi level. In our high-resolution STM
measurements, we applied a voltage of −0.5 V for negative bias. This
requires integrating from Ef−0.5 eV to Ef to obtain the ILDOS. We
calculated the ILDOS of ×( 7 7 ) R19.1°-(H2O−OH)/Ag(111),
covering energy windows of 0.5 eV below the Fermi energy using the
VASP code. The STM images were visualized using the VASP

visualization tool�p4vasp software, with the tip−sample distance
fixed at approximately 1.26 Å above the surface.

Sample Preparation, STM, ARPES, and XPS Experimental
Measurements. Single-crystal Ag(111) was prepared by repeated
cycles of Ar ion sputtering and annealing. Ultrapure H2O (2 ppm;
Alfa Aesar) was used and further purified under vacuum by freeze−
pump−thaw cycles to eliminate residual impurities. H2O molecules
were dosed in situ onto the pristine Ag(111) surface held at 70 K by
using a dosing tube. Electron injection was performed over the entire
sample surface to ensure homogeneity. The sample was then heated
to 275 K, resulting in the appearance of a 4 × 4 LEED pattern.
Subsequently, the sample was cooled back to 70 K for further
measurements. The successful growth of the ordered H2O−OH
monolayer was verified by using LEED and STM. STM measure-
ments were performed in a home-built system at ∼5 K. The sample
was kept at a low temperature during the transfer process. Both
ARPES and XPS measurements were performed in an ultrahigh-
vacuum system equipped with a hemispherical electron analyzer
(SPECS PHOIBOS 150). The ARPES was conducted with a photon
energy of ∼ 21 eV. XPS experiments were conducted by using an Al
Kα X-ray source (SPECS XR50), and ARPES measurements were
performed by using a He discharge lamp (He Iα light).
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