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water adsorption on CeO,_,(111)
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Water interactions with oxygen-deficient cerium dioxide (CeO,) surfaces are central to hydrogen
production and catalytic redox reactions, but the atomic-scale details of how defects influence
adsorption and reactivity remain elusive. Here, we unveil how water adsorbs on partially reduced
Ce0,_,(111) using atomic force microscopy (AFM) with chemically sensitive, oxygen-terminated
probes, combined with first-principles calculations. Our AFM imaging reveals water molecules as
sharp, asymmetric boomerang-like features radically departing from the symmetric triangular motifs
previously attributed to molecular water. Strikingly, these features localize near subsurface defects.
While the experiments are carried out at cryogenic temperatures, water was dosed at room
temperature, capturing configurations relevant to initial adsorption events in catalytic processes.
Density functional theory identifies Ce®" sites adjacent to subsurface vacancies as the
thermodynamically favored adsorption sites, where defect-induced symmetry breaking governs water
orientation. Force spectroscopy and simulations further distinguish Ce®** from Ce*' centers through
their unique interaction signatures. By resolving how subsurface defects control water adsorption at
the atomic scale, this work demonstrates the power of chemically selective AFM for probing site-
specific reactivity in oxide catalysts, laying the groundwork for direct investigations of complex
systems such as single-atom catalysts, metal-support interfaces, and defect-engineered oxides.

Cerium dioxide (CeO,, or ceria) is a cornerstone material in catalysis, widely
used both as an active component and as a support, owing to its exceptional
ability to store, release, and transport oxygen"”. This redox flexibility is
rooted in the ease of reversible Ce**/Ce*" reduction, which enables ceria to
form and heal oxygen vacancies under operating conditions. As a result,
ceria exhibits remarkable versatility across a broad range of applications,
from automobile exhaust gas treatment™ and hydrogen production’ to solid
oxide fuel cells® and emerging biomedical technologies™. In common with
other reducible oxides™"’, the type, density, and spatial distribution of these
vacancies profoundly influence catalytic performance. Among the mole-
cular species central to redox catalysis, water plays a pivotal role, particularly
in reactions such as the water-gas shift'"' and thermochemical splitting
cycles”’. Understanding how water interacts with defective ceria surfaces at
the atomic scale is therefore essential for the rational design of next-
generation catalysts and redox-active materials.

Atomic force microscopy (AFM) has proven to be a powerful tool to
explore metal-oxide surfaces at the atomic scale, as well as adsorbates on
them'""”. Constant-height imaging with functionalized probes'®* has
empowered this technique with unprecedented resolution that has been
deployed, among other feats, to study individual water molecules and
properties of water networks on several surface systems” ™.

Molecular water on ceria surfaces has been studied with AFM™”, as
well as with scanning tunneling microscopy (STM)**. For both techniques,
and for sample temperatures ranging from room temperature to 10 K, water
molecules on the CeO,(111) surface were imaged as wide triangular features
extending over three surface oxygen atoms. At this surface, water adsorbs
with the oxygen binding to a Ce*" site and one of its hydrogen atoms
interacting with one of the adjacent surface oxygen atoms”. In contrast to
other oxides, water on CeO,(111) can exist in two configurations, molecular
form and hydroxyl pair””~"". This duality originates from the specific lateral
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distance between the ceria site and its three neighboring oxygen atoms at the
CeO,(111) surface and the low energy cost of displacing these oxygen
species. The low energy barriers between different adsorption configura-
tions successfully explain the triangular shape detected in the experiments™.

In this work, we study the adsorption of molecular water on a partially
reduced CeO,_,(111) surface using AFM operated at cryogenic tempera-
tures (T ~ 4.8 K) with copper-oxide functionalized probes'*”’. Our AFM
images reveal water molecules as sharp asymmetric boomerang-like fea-
tures, connecting the cerium adsorption site” with two of the neighboring
surface oxygen atoms, challenging our understanding of water adsorption
and imaging on the surface.

To clarify these new findings, we combine density functional theory
(DFT) simulations with constant-height AFM imaging and site-specific
frequency shift (Af) curves™ on both the surface atomic sites and the
atomic positions visited by the water molecule. By comparing these Af
curves with theoretical predictions, we identified a model probe that
reproduces the experiments well.

We build on this model to unveil the key role played by the response of
the water molecule to the forces exerted by the probe during the experiments
and explain the observed features in the AFM images, considering the
presence of sub-surface oxygen vacancies. When such a defect is produced,
two Ce'" ions are reduced to Ce’*. Our analysis suggests a particular
adsorption environment created by one of these Ce’* near a vacancy as the
explanation for the asymmetry.

Furthermore, simulated Af curves predict a stronger attractive inter-
action on the Ce’” sites relative to the Ce**. This different interaction with
the probe originates from distortions on the topmost oxygen layer caused by
the excess charge localized on Ce’", and it paves the way for a possible
experimental identification of these so far elusive defects.

Our work reveals the potential of AFM as a powerful atomic-resolution
local technique to address and understand problems involving oxide
nanostructures and their role in catalysis, such as the study of single-atom
catalysts, due to the possibility of accessing the local reactivity.

Results and discussion
AFM imaging of water, surface atomic sites and probe
identification
Figure la shows an atomic resolution AFM image of an area of the
CeO,(111) surface that presents four water molecules (see Fig. S1 for a
general view of the surface region). Since it is well established that molecular
water adsorbs on top of a cerium atom””’, these water molecules were used
as markers" to assign chemical specificity to the atomic features observed in
the AFM images and the Af curves’>” measured over them (Fig. 1b, c).

The behavior of the experimental curves over the cerium and oxygen
sites suggests an oxygen-terminated apex, which is consistent with the probe
conditioning at the copper oxide areas'’ coexisting with the ceria islands (see
the Methods). The nature of the probe apex is further confirmed by theo-
retical calculations of the Af curves using a model probe that combines the
short-range contribution from DFT calculated forces with the long-range
probe-surface interaction (inset in Fig. 1d). The calculated forces are pro-
vided by a rigid CO molecule—that represents the oxygen atom at the apex
—interacting with a stoichiometric CeO, slab (Fig. S9), which are then
converted to Af**. The long-range vdW interaction is obtained from a fitting
to the experimental Af curves at large distances (cyan dotted line in Fig. 1d,
see also Fig. S9 and Methods). The calculated curves reproduce quantita-
tively the experimental spectroscopy, and allow us to estimate the value for
the imaging distance (Z,, = 0 in Fig. 1d), which corresponds toa Z ~ 411
pm separation with respect to the plane defined by the center of the
uppermost surface oxygen atoms (Fig. 1d, see Methods). According to this
distance and the Af curves, the bright contrast in the constant-height AFM
images relates to the topmost oxygen atoms of the surface, and the spots with
the lower contrast correspond to the position of the cerium atoms below
them (see the inset models in Fig. 1d).

A force curve on top of the water molecule informs us that the molecule
is imaged in Fig. 1 past the minimum of the Af curve; a region where the

interaction between the probe and the surface has already become repulsive
(see Fig. S2 for a detailed evolution of the AFM contrast over the water
molecule with the distance). For surface atoms that correspond to the same
chemical species, and with a similar charge state, the relative position of the
Af minima could be an indication of their topographic distribution normal
to the surface. The minimum at a water molecule is 200 to 300 pm above the
surface oxygen atoms, which is consistent with the results of our DFT
calculations, where the oxygen atom of the molecule is 250 (220) pm above
the cerium atom for the molecular (hydroxyl pair) adsorption state.

The images in Fig. 1 display two striking differences with respect to
previous works”****; (i), the triangular feature extending over three oxygen
atoms is replaced by three well-defined lines connecting them; and (ii), one
of the prongs of these lines presents a dimmer contrast than the other two,
breaking the surface three-fold symmetry and giving rise to a boomerang-
like shape (Fig. 1). This asymmetric shape is found in the three possible
orientations compatible with the surface symmetry (see Figs. 1 and Fig. S2),
and in all the cases, there is a dark shadow enclosed by two of the three lines,
yet its location does not seem to correlate with the direction of the less
intense one.

This asymmetric shape suggests either the stabilization of the dis-
sociated state in the form of a hydroxyl pair, which naturally breaks the
symmetry in one of the directions, or the presence of defects like oxygen
vacancies and the associated Ce’™ ions nearby, that locally change the
structure and energetics of water adsorption.

Water dosing in the experiments reported here was carried out at room
temperature, resulting in a rather low coverage. Increasing the dosage by 10
and 100 times did not provide a significant increase in the concentration of
water on our CeO,(111) films. According to Mullins et al., water molecules
do not adsorb on a fully oxidized CeO,(111) surface at room temperature™,
suggesting that the adsorption of water on the CeO,(111) surface at room
temperature is significantly affected by the presence of defects. This would
be consistent with our early works on the observation and manipulation of
water molecules on CeO,(111) single crystals with AFM”**. Those crystals
had a high density of defects (mostly subsurface defects characterized by
contrast variations in topographic AFM images of the outermost oxygen
surface layer, and occasionally, surface oxygen vacancies were also found),
whose concentration and appearance varied from terrace to terrace”. The
crystals had a black color, so they probably also contained atomic impurities.
In those experiments, also carried out by similar dosing at room tempera-
ture, higher water coverage was obtained. Furthermore, while water was
easily manipulated on the CeO,(111) single crystals®, our efforts to
manipulate one of the water molecules displayed in Fig. 1a using a highly
reproducible method we reported before”** did not succeed (see Fig. S3).

Adsorption of molecular water in the presence of a

subsurface defect

To understand the possible influence of defects in the adsorption of mole-
cular water on the CeO,(111) surface, we have performed first-principles
calculations based on DFT as implemented in VASP*™* using the PBE*
exchange-correlation functional supplemented with the vdW dispersion
energy correction described by the DFT-D3 approach®™* (see Methods).
There are DFT-based studies on the adsorption of water on CeO,(111),
(110) and (100) at low, intermediate and high coverages in the presence of
surface oxygen vacancies” ™. However, we have previously demonstrated
that the energetically most stable near-surface defect in the CeO,(111)
system is a subsurface oxygen vacancy (SSOy)'. Accordingly, we have
simulated the adsorption of a water molecule when an SSOy is located
nearby using a 3 x 3 unit cell.

In this 3 x 3 slab with one SSOy, we have two equivalent Ce’" sites and
five inequivalent Ce*" sites, of which two are nearest neighbors of the SSO+
(asin structure 3, Fig. 2), whereas the others are farther away (as in structure
2, Fig. 2; see also Fig. S5 and the associated discussion in the Supplementary
Information). In the presence of a nearby SSOy, the adsorption energy of the
water molecule on a Ce*" atom, —0.70 eV for the pristine surface” "’
(Fig. 2a), is barely affected when the Ce*" is a second neighbor to the
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Fig. 1| Individual water molecules, surface atom identification and probe-model
characterization. a Atomic-resolution constant-height AFM image of a CeO,(111)
surface area displaying four water molecules, two of them enclosed by a red and a
cyan square. b, c Water molecule highlighted with a red square in (a) with hexagonal
lattices in red, green and black superimposed over the atomic sites of the CeO,(111)
surface: cerium (Ce), oxygen (O) and coordination vacancy (CV). The comparison
of pairs of lattices with the adsorption position of the water molecule enables us to
assign the black, red and green lattices to Ce, O and CV, respectively. d Frequency
shift (Af) curves measured at the top of the water molecule (orange), and on an O
(red), a Ce (black) and a CV (green) site far from the molecule in (b, ¢). The dotted
curves are calculated Af curves from DFT interatomic forces obtained over the three
CeO,(111) surface sites using a probe modeled by a rigid CO molecule (inset). A

400 600 800 1000 1200

Zexp [Pm]
long-range van der Waals interaction derived from fitting the experimental curves at
large distances (cyan dotted line) has been added to each of the calculated curves to
include the interaction with the mesoscopic part of the probe. The origin in the
experimental distance axis (Z.,,) corresponds to the probe-surface separation the
images in (b, ¢) were acquired. The correspondence z,, = 0 < z =411 pm has been
determined by a rigid shift of all the simulated Af curves in order to align their
characteristic minima with those in the experiments. Acquisition parameters were:
an oscillation amplitude (A) of 60 pm, and a free oscillation resonant frequency (f;)
0f 994230 Hz. Yellow arrows in (a) point to Ce atoms with an unusual contrast. The
scale bar represents 1 nm. See Methods for further details on AFM acquisition,
model probe, calculated Af curves, and fitting over the long-range interaction.

vacancy, -0.72 eV, but reduces (weaker binding) for first neighbors, with
values in the range (—0.61, —0.66) eV (see Fig. 2b, Fig. S5). It is energetically
more favorable for the water molecule to adsorb on a Ce’" than on a Ce*",
—0.79 eV (Fig. 2c). Under the presence of a SSOy, the threefold symmetry
observed for the pristine surface case® is broken, and an adsorption con-
figuration with one of the hydrogen atoms interacting with a surface oxygen
atom neighboring the SSOy becomes the less favorable of the three possible
molecular orientations, —0.68 eV vs —0.75 and —0.79 eV (Fig. 2c). When
considering the hydroxyl pair, a lower adsorption energy is obtained over a
Ce’* than over a Ce** (—0.78 eV vs —0.75 €V, see Fig. 2d and Fig. S5), and
attempting the formation of an hydroxyl with an oxygen neighboring the
SSOy, results in recovering the molecular form (Fig. 2d). For the adsorption
on a Ce’", the molecular and hydroxyl pair states are separated by energy
barriers of ~ 50 — 60 meV (Fig. S6b); smaller than those found on a Ce** on
the fully oxidized surface 80 (130) meV for the transition from (to) the
molecular state (Fig. S6¢). These calculations, carried out with the DFT-D3
approach to include the vdW interaction, compared well with our previous
results” employing the optB86b-vdW functional, where binding energies of
—0.73 (—0.76) eV were found for the molecular (hydroxyl pair) states, with
energy barriers of 80 (100) meV for the transition from (to) the molecular
state. Comparison with published theoretical results for water adsorption on

a Ce** shows that the inclusion of dispersion corrections provides an
additional binding energy but does not significantly modify the relative
stability of the different adsorption configurations for both the molecular
state and the hydroxyl pair. Therefore, neither state is strongly thermo-
dynamically favored, and both are expected to coexist at equilibrium.

This symmetry breaking and the energetic diversity among otherwise
similar adsorption configurations for the water molecule close to the
vacancy are due to the structural surface relaxations induced by the presence
of the SSOy and the two nearby Ce* ions™. Our calculations resulted in the
oxygen atoms directly on top of the SSOy relaxing ~15 pm towards the bulk.
In contrast, the second nearest surface oxygen atoms and the Ce’ rise
~15pmand ~ 7 pm, respectively, toward the vacuum (Fig. 6d, e). We have
carefully checked that all of these conclusions are not conditioned by the
particular arrangement of the Ce’" ions forced by the 3 x 3 cell (where they
are neighbors), as shown by the results for adsorption structures (Fig. S7)
and energy barriers (Fig. S8) obtained in a 4 x 4 unit cell (see Methods).

Calculated AFM images of a water molecule adsorbed near a
subsurface defect

To explore whether the presence of the SSOy and associated Ce** ions
explain the asymmetric shape found in our experiments, we calculated
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Fig. 2 | Water adsorption at the CeO,(111) surface in the presence of a subsurface  with respect to the slab and water molecule energy are indicated. The position of the
oxygen vacancy. DFT optimized most stable structures for water adsorption on:aa  oxygen vacancy is highlighted by a dotted circle. Ce’*, Ce*" and surface O and
Ce"" of the pristine surface; b a Ce*" of the reduced surface, far 2 and close 3 to the  subsurface O atoms are represented in green, beige, red and yellow, respectively. No
oxygen vacancy; and c a Ce’* of the reduced surface. d Hydroxyl pair (OH + H) stable hydroxyl pair (OH + H) was obtained from structure 6; it reverts to water.
adsorbed on a Ce’* and a neighboring O atom of the reduced surface. The energies

Communications Materials | (2026)7:39 4


www.nature.com/commsmat

https://doi.org/10.1038/s43246-025-01011-x

Article

constant-height AFM images at several probe-surface separations using
representative stable configurations for the adsorption of water close to a
SSOy (Fig. 3). These calculations are based on the full density-based model
(FDBM)™**—which retains DFT accuracy in the description of the probe-
surface forces while offering the computational speed needed for simulating
a whole image—using the probe model shown in Fig. 1. Therefore, the
calculated Af signal for these images includes both the short-range con-
tribution from the CO molecule (calculated with FDBM) and the long-range
vdW interaction fitted from the experiments.

In a constant height AFM image, the contrast will depend on the
relative value of the probe-surface forces over the different surface posi-
tions explored. In the images presented in this work, the dark regions
(normally more negative Af) correspond to a stronger net attraction
between the probe and the surface, whereas brighter areas reflect a less
attractive interaction, because either the force is small or it already ascends
the repulsive branch of the interaction, in a manifestation of the non-
monotonic nature of the probe-surface interaction force. An example of
this effect appears in the contrast of the AFM images in Fig. 1: while the
contrast over the surface oxygen atoms and over the water molecule seems
to be similar, the former corresponds to an attractive interaction and the
latter to the onset of a repulsive one. In the calculated images in Fig. 3, the
subsurface Ce positions appear as a relatively bright background even
though the interaction between the terminal oxygen of the probe and the
Ce site remains attractive (Fig. 1d). This apparent brightness arises
because the strong attractive contribution from the hydrogen bond
between the water molecule and the probe that saturates the color scale
used for the maps.

Figures 3a, b present calculated Af images of the two most stable
configurations for the water adsorption on a Ce’* atom in the molecular
form (4 and 5 in Fig. 2, respectively). These orientations show a bright
contrast over a region close to the oxygen of the molecule, and display an
extended dark feature over a wide area spanning from the position of the
hydrogen atom pointing upwards towards the surface oxygen atoms
opposite to the SSOy-

Z =500 pm

Fig. 3 | Simulated constant-height AFM images. Calculated Af maps of the most
stable adsorption configurations of a water molecule adsorbed on a partially reduced
CeO,_,(111) surface characterized by the presence of a subsurface oxygen vacancy
(dotted circumference). The Af images were calculated using the full density based
model (including the probe-surface long-range vdW interaction fitted from the
experiments, see Methods) at three representative probe-surface separations for:

The probe-surface separations explored (540-500 pm) covers the
regime where the bright contrast over the oxygen atom of the molecule starts
to be dominated by the Pauli repulsive interaction between the lone pairs of
the oxygen atoms of CO and water; consistent with the appearance of a
bright contrast—of repulsive nature, as it develops past the Afminimum—at
the water site in Fig. S2. The dark contrast reflects the attractive interaction
associated with the onset of a hydrogen bond formation between the
hydrogen pointing upwards and the oxygen atom at the CO molecule,
which is consistent with the vertical electric field resulting from the DFT
simulations (Fig. S19). For an analysis of the force contributions for the
representative case of Fig. 3a, see Fig. S10.

In the hydroxyl pair case (configuration 7 in Fig. 2d), the imaging
mechanism is similar (Fig. 3¢): an initial dark contrast is obtained due to an
attractive interaction of the hydrogen atom pointing towards the vacuum
with the oxygen atom at the probe, that develops into a bright spot upon
further approach towards the surface, as the repulsive interaction between
the oxygen of the hydroxyl and the one at the probe starts dominating the
contrast (see Fig. S11 for the corresponding force contributions).

These calculated Af images point towards the AFM being capable of
discriminating between the two adsorption forms upon stabilization of one
of them on the surface. However, the calculated images only partially
reproduce the observed features in the experiments. The calculated AFM
images were obtained under the common assumption that the surface
configuration is not modified by the interaction with the probe. Yet our DFT
calculations suggest that water is extremely mobile in either of the two forms
on Ce0,(111)”. Further information about how the water molecule inter-
acts with the probe can be obtained from the calculation of Af curves over the
relevant atomic positions visited by the molecule.

Interaction of the probe with the water molecules

Figure 4 displays calculated Af curves over the atomic sites of a fully oxidized
CeO,(111) surface in the presence of a water molecule. In the calculation of
the forces that generate these curves (Fig. S12), the outermost oxygen-
cerium-oxygen trilayer of the surface and the water species were allowed to

Z =520 pm

Z =540 pm

a molecular water in configuration 4; b molecular water in configuration 5; and c,
hydroxyl pair in configuration 7, as shown in Fig. 2. Latices with the top-most Ce and
O surface atomic positions, as well as a rhomboid highlighting the unit cell, have
been superimposed to each Af image. The color code for the species in the atomic
models is the same as for Fig. 2. See Figs. S18 and S19 for the corresponding charge
density and vertical electric field maps, respectively.
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relax in response to the force exerted by the probe model introduced in
Fig. 1. Each set of Af curves comprises the interaction over the cerium site the
water binds to (orange), the three neighboring surface oxygen atoms (yel-
low, cyan and magenta), and an oxygen atom of the fully oxidized surface
(red) for reference.

The calculated Af curves for the adsorption of water in molecular form
(Fig. 4a) reveal a strong variability in the magnitude and position of the
minima over the oxygen atoms. The water molecule pulls the oxygen
involved in the hydrogen bond up by ~ 10 pm with respect to the other two
oxygen atoms, whose heights are unaffected by the presence of the molecule.
This structural modification is amplified by the water-probe interaction,
causing the corresponding Af minimum to be shifted by ~100 pm towards
the vacuum (yellow curve) with respect to the reference surface oxygen. The
proximity of the water molecule also affects the position and magnitude of
the Af minimum for the oxygen atom labeled in magenta, while the Af curve
over the oxygen far from the hydrogen atom (cyan) is the closest to the
reference oxygen.

A dominant role of the interaction over structural effects manifests in
the curve at the cerium site: although the oxygen of the water molecule is
~ 170 pm higher than the yellow-labeled oxygen, the attractive interaction
provided by the hydrogen atom pointing out of the surface reduces the
difference in the position of the curve minimum to ~ 75 pm. Despite that
this hydrogen has a lower height than in the case of the adsorption ona Ce’*,
the contrast evolution over the cerium site at large distances is consistent
with the one shown by the images calculated with FDBM for the reduced
surface, with the orange curve bending upward and crossing those asso-
ciated with the neighboring oxygen atoms for distances below 540 pm.

The hydroxyl pair provides smaller differences among the three oxygen
sites, and shows greater flexibility of the atoms to move in response to the
interaction with the probe, which changes the position and strength of the Af
minima for the cerium site and the yellow-labeled oxygen with respect to the
molecular adsorption case.

Our experiments also reveal an asymmetric behavior of the Af curves
over the atomic sites visited by the water molecule. Figure 5a displays the
curves obtained at the location highlighted by a red square in Fig. la; and
Fig. 5b, c shows two sets of curves measured over the molecule enclosed by a
cyan square in Fig. la, but with a 40-minute interval between their
acquisition.

A close look at the contrast of the atomic sites in the image displayed in
Fig. 5a reveals a discrepancy with the spectroscopic data. Two of the oxygen
atoms (cyan and magenta) show a bright contrast, while the third one
(yellow) has the appearance of a normal surface oxygen atom. The asso-
ciated Af curves indicate, however, that the contrast over the spots in yellow
and magenta should be almost identical to the contrast on a standard surface
oxygen. The sets displayed in Fig. 5b, ¢ show similar discrepancies: in Fig. 5b,
the spot in yellow should have a dimmer contrast than the one in cyan; and
in Fig. 5¢, the sites highlighted in yellow and cyan should have almost
identical contrast, but in the image, the cyan spot appears dimmer than the
yellow one. This discrepancy between the image contrast and the corre-
sponding Af curves, together with the variability of the Af curves recorded at
different times over the same molecule, points to the existence of probe-
induced dynamical effects that result in the change of the adsorption con-
figuration of the water molecule, and possibly, reversible transitions between
molecular and hydroxyl pair forms.

Probe-induced dynamical effects

These probe-induced changes have been verified during the simulations to
produce the calculated Af curves. In Fig. 4a, an abrupt instability upon
approaching the probe beyond 420 pm over the yellow-labeled oxygen atom
brings the Af curve very close to the one at the magenta site, generating what
seems to be a minimum. However, this sharp feature reflects in reality a
transition between force spectroscopy curves that correspond to two dif-
ferent configurations of the system. This formation originates from a probe-
induced change in the adsorption configuration, in which the hydrogen
atom interacting with the oxygen at the yellow site moves upward, breaks

the hydrogen bond, and then the whole molecule rotates to establish a new
hydrogen bond with the oxygen atom at the magenta site (see Movie S1). In
this new arrangement, the yellow site plays an equivalent role to the magenta
site in the original configuration, explaining the similarity between the two
Af curves beyond 400 pm approach. Similar processes take place when the
probe approaches other sites, like the coordination vacancy between the
oxygen atoms marked in yellow and cyan (see Movie S2), confirming that
this event—characterized by a very low energy barrier”’—is quite common
for the probe-surface separations used in atomic resolution imaging ( ~ 411
pm for the images in Fig. 5). Interestingly, the probe is also able to induce the
transition from the molecular form to the hydroxyl pair when approaching
over the cerium site (see Movie S3). In this case, the proton transfer occurs
spontaneously—indicating a zero energy barrier—in the range of
385-400 pm, close to the imaging separation mentioned above. This tran-
sition will seamlessly switch between the orange curves in Fig. 4a, b, bringing
the position of the minimum—relative to the ones for the oxygen sites—and
its strength closer to the experiment. Within the accuracy of our calcula-
tions, the molecular and hydroxyl-pair states adsorbed on a cerium atom
(either a Ce™* ora Ce*") have nearly the same energies, which differ only on a
few tens of meV (Fig. 2), and the activation barriers for interconversion are
likewise small (Fig. S6). Therefore, the two states are thermodynamically
comparable and expected to coexist, with switching readily triggered by the
probe under our imaging conditions at 4.8 K. In the experiments, the
separation at which this transition occurs is well beyond the minimum in the
calculated Af curves, entering a probe-surface interaction range dominated
by the repulsion between the oxygen atoms of the molecule and the probe.
The limitation of our model to describe areas of highly repulsive forces,
where the long-range elasticity of probe and surface starts playing a role,
makes the theoretical curves significantly steeper than the experimental ones
past the minimum of the Af. However, considering that the water molecule
is imaged in the experiments under this repulsive interaction regime, our
calculations strongly suggest that the transition between molecular form and
hydroxyl pairs should take place systematically during imaging.

With all this information, we can address the appearance of the
molecule as three well-defined lines pointing to the neighboring oxygen
atoms with a boomerang-like shape.

Origin of the boomerang-like shape of water in the AFM images
When imaging with CO-functionalized probes, the relaxation of the CO
molecule in response to the interaction with the surface enhances the AFM
signal over covalent'®” and hydrogen®*** bonds, which are imaged as bond-
like sharp features. In our experiments and simulations, we use a rigid
oxygen-terminated apex, yet the probe-induced transitions of the water
molecule between the different adsorption configurations play a similar role
to the relaxation of the CO molecule, leading to the three well-defined lines
observed in our experimental images. These transitions are not privative of
the molecular form: Movie S4 shows a probe-induced change in the
orientation of the hydroxyl pair that closely resembles the dynamics of a
flexible CO-apex in the presence of a rapidly varying region of the potential
energy surface.

These probe-induced relaxations would tend to restore the threefold
symmetry. However, the discussion above shows that both the presence of
defects such as a SSOy, and the water molecule itself—that pulls up a surface
oxygen atom with the hydrogen bond—contribute to break the symmetry
among the three neighboring oxygen sites. A quantitative answer to this
question would imply DFT simulations of force curves for a water molecule
adsorbed on different cerium sites on a reduced ceria surface on a fine 3D grid
of the probe positions. The inclusion of just a single SSOy with the two
associated Ce’* ions in those calculations renders the relaxation of the whole
system to the ground state for each probe position a herculean feat, as the Ce**
ions make the electronic convergence quite cumbersome. Such calculation is
beyond our current capabilities, but we can point out that the presence of an
SSOy singles out the oxygen site closer to the vacancy, making less probable
the formation of a hydrogen bond with that site in the countless times the
water molecule visits the three oxygen atoms during an AFM image.

Communications Materials | (2026)7:39


www.nature.com/commsmat

https://doi.org/10.1038/s43246-025-01011-x

d os

0.4

0.2

—

0.0

Frequency shift [Hz]

-0.2F

~0.4-

by

0.4

02l

Frequency shift [Hz]

600 700 800 900

Z[pm]

500 1000
Fig. 4 | Calculated spectroscopy curves for a water molecule on a fully oxidized
CeO,(111) surface. Sets of calculated Af curves over the surface atoms visited by a
water molecule adsorbed on the CeO,(111) surface: the Ce atom the molecule binds
to (in orange) and its three first-neighboring oxygen atoms (in yellow, cyan and
magenta). a Water in a molecular form; and b water in hydroxyl pair form. The inset
images are top and side views of the atomic conformations of the molecule and
surface atoms. The Af curve over a surface O atom in the absence of the water
molecule (curve in red, Fig. 1d) has been included for reference. The calculation of
the Af curve over the center of each surface atom (colored crosses) was performed to
match the experimental counterparts (see Fig. 5). The probe model introduced in
Fig. 1, including the probe-surface long-range vdW interaction fitted from the
experiments, was used for the calculation of the Af curves (see Methods).

In the experiments reported here, direct evidence of the presence of
subsurface oxygen vacancies could not be obtained either in the Afor in the
dissipation signal; the latter is probably due to the use of a much stiffer force
sensor’®” than in previous works”. However, we often observe cerium
atoms with an unusual contrast (yellow arrows in Fig. 1a) in a concentration
close to the coverage of water molecules on the terraces after dosing water at
room temperature. We propose that these more attractive cerium atoms can
be candidates for Ce’, originating from the presence of defects under the
surface.

Origin of the cerium atoms with unusual contrast

To address the nature of these cerium atoms, we calculated Af curves on
different cerium sites of the reduced surface (Fig. 6a) using the model probe
introduced in Fig. 1. In order to speed up the calculation of the forces, and to
single out the effect of the presence of the vacancy, we have not included the
water molecule in these DFT simulations.

Our calculations reveal that the Ce’" sites have the deepest Af mini-
mum (18% larger than the Ce** labeled 1, and 9% larger than the reference
Ce"* on the fully oxidized surface), which is associated with a significantly
stronger attractive force with the probe compared to the Ce*" sites (see
Fig. S13).
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Fig. 5 | Spectroscopic measurements over water molecules. Frequency shift (4f)
curves obtained over the center of the water molecule structure (orange) and the
center of the three surface oxygen atoms (yellow, cyan and magenta) the molecule
visits. The inset graphs show a detail around the minima of the Af curves. These sets
of force curves were measured over: a the molecule highlighted with a red square in
Fig. 1a; b the molecule highlighted with a cyan square in Fig. 1a; ¢ the same molecule
as in b, but 40 minutes after the acquisition of the first set. Constant-height AFM
images obtained prior to the force spectroscopy measurements are included as insets.
Each image was measured at a probe-surface separation corresponding to the origin
of the distance axis. A set of force curves over the three surface sites of the CeO,(111)
surface (Ce in black, O in red, and CV in green) far from the water molecule is
included for reference. All curves were measured with an identical probe apex
termination. Acquisition parameters were: A = 60 pm and f, = 994230 Hz.

This outcome seems counterintuitive when considering the extra
screening provided by the additional electron localized at the Ce’*
site. However, an increase in the local electric field over the Ce’" as a
result of surface atomic relaxations accounts for this stronger inter-
action. Figure 6b, ¢ show the vertical component of the local electric
field (E,) for the fully oxidized and the reduced ceria surface,
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Fig. 6 | Calculated frequency shift curves over cerium atoms in the presence of a
vacancy. a DFT-based calculated Af over the Ce** (curves 1-4) and the Ce’* (curves
5 and 6) atoms of a reduced CeO,_,(111) surface in the vicinity of a subsurface
oxygen vacancy (dotted-line circles). Curve labeling is indicated in the inset image
displaying the atomic arrangement, which also serves as a reference for the atomic
features presented in the other panels. The Af curves for the O (red), Ce (black), CV
(green) calculated for the fully oxidized surface (Fig. 1), together with the long-range
vdW component (cyan) fitted from the experiments, have been included as dotted
lines for reference. This long-range vdW contribution has also been added to the
calculated Af curves in the graph. b, ¢ Local distribution of the vertical component of

O height variation [pm] Ce height variation [pm]

the electric field (E,) for the fully oxidized surface and for the same area with a
subsurface oxygen vacancy (dotted circle), respectively, both obtained at a height of
274 pm above the topmost oxygen layer. d Vertical relaxation of the surface oxygen
atoms near a subsurface oxygen vacancy with respect to the position of the topmost
oxygen layer of the fully oxidized surface. e Vertical relaxation of the cerium atoms in
the proximity of a subsurface oxygen vacancy with respect to the position of the
outermost cerium layer of the fully oxidized surface (78 pm below the uppermost
oxygen layer). The parallelogram in orange highlights the unit cell used in the
calculations.

respectively, at a height of 274 pm above the uppermost oxygen layer.
The strong E, over the Ce’" sites comes from the displacement of the
nearby oxygen atoms away from the Ce’* (see Fig. S14) due to the
excess charge localized in the Ce’* as a polaron, enhancing the
attractive short-range electrostatic interaction and reducing the Pauli
repulsion sensed by the AFM probe. The downward displacement of
the oxygen atoms around the SSOy (Fig. 6d) and the slight upward
shift of the Ce*" sites close to it (Fig. 6e) also contribute to the
enhanced E,. These simulations set the basis for the possibility of
identifying the presence and location of the elusive Ce’" ions using
spectroscopy measurements, supporting our interpretation for the
cerium atoms with an unusual contrast found in the terraces™.

We observed similar variability in the interaction with the cerium
atoms in the vicinity of the water molecules. Figure 7 summarizes Af curves
measured over atomic positions around the molecule highlighted with a red
square in Fig. 1a (see also Fig. $4). The cerium atoms at the vertices of the
triangle formed by the water structure (curves 1, 2, 3 in cyan) show ~ 9%
and ~ 6% greater minimum value than the reference cerium far from the
molecule (black curve). The three cerium sites on the left (curves in orange)
show similar response as the reference atom, but the three cerium sites on
the right (curves 7, 8, 9 in blue), which should be equivalent by symmetry,
show a more repulsive interaction past the minimum. Similar strong
repulsion is also detected over the second line of surface oxygen atoms on
the right (positions and curves in pink). The water molecule visiting more
often the oxygen atoms on the right and lower sides than the left one
undoubtedly plays a role in adding steepness to the Af curves beyond the
minima over the cerium atoms in blue, the oxygen sites in pink and, to a
lesser degree, the cerium at position 4. However, the cerium atoms at
positions 1,2, 3 (in cyan) are far enough to be affected by the water molecule,
and the consistency with the theoretical calculations points them out as
candidates to Ce’* ions, suggesting the possible presence of SSOy close to the
adsorbed water molecule.

At this point, we cannot rule out the presence of a SSOy close to the
cerium atoms with an unusual strong attractive interaction in both the middle
of the terraces and around the water molecules, but we speculate, considering

the difficulty in increasing the water coverage on the surface when dosing at
room temperature, that the presence of one or several SSOy close to the Ce’*
ions is needed to bind water molecules to the terraces of the CeO,(111)
surface at room temperature. Addressing this and other questions will require
future work, exploiting the sensitivity of AFM spectroscopy in combination
with tunneling measurements™ that could help locate the SSOys.

Conclusions

In summary, we have combined Non-Contact AFM and first-principles
calculations to investigate the interaction of water with a partially reduced
CeO,_,(111) surface at the atomic scale. Our low-temperature experiments
using oxygen-terminated probes reveal water molecules adsorbed on cer-
ium atoms as sharp, asymmetric boomerang-like features, in contrast with
previous STM and AFM studies, in which water appeared as a triangular
shape, consistent with the symmetry of the lattice surface. DFT simulations
reveal that water—in both molecular and dissociated forms—preferentially
adsorbs at Ce’ sites near subsurface oxygen vacancies, and the surface
relaxations induced by these defects break the local symmetry of the lattice.
Calculated force spectroscopy based on DFT exhibits distinct interaction
signatures between the Ce** and Ce*" sites. These differences are attributed
to local structural relaxations of surface oxygen atoms, which change the
local electrostatic environment of the cerium species. These calculations
match quantitatively with experimental force spectroscopy measurements
around the water molecule and on the reduced surface. Finally, the char-
acteristic contrast in constant-height AFM images originates from a probe-
induced mobility of the water molecule, enabled by low-energy barriers
between different adsorption configurations and adsorption states, and
possibly, from the particular environment created around a Ce** ion close to
a subsurface oxygen vacancy. Beyond resolving water adsorption on the
CeO,(111) surface, our work demonstrates the broader capabilities of
chemically selective AFM for probing local chemical reactivity. This
approach offers a unique opportunity to investigate, at the atomic level,
complex catalytic systems including single-atom catalysts, metal-support
interfaces and defect-engineered oxide surfaces, where local structure and
charge state critically influence chemical behavior.
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Methods

Scanning probe microscopy experiments

The experiments were carried out in an ultra-high vacuum (UHV) system
equipped with tools for the in situ sample preparation and a home-made
scanning probe microscope operated at 4.8 K using a commercial controller
(Nanonis SPM Control System, SPECS, Germany). AFM experiments were
carried out using the frequency modulation detection scheme™ keeping
constant the oscillation amplitude of the force sensor. Under this scheme,
the AFM signal corresponds to the shift in the free-oscillation resonant
frequency of the force sensor (4f) upon forces acting on it. Force spectro-
scopy experiments were performed by initially approaching the probe
towards the surface from the imaging separation, and then retracting it upon
reaching the specified closest approach until reaching the free-oscillation
regime. Both constant-height AFM imaging and spectroscopy were carried
out by setting the voltage bias to zero. CeO,(111) thin-films were grown on a
Cu(111) surface following a similar procedure to the one described
elsewhere™. The Cu(111) single crystal was cleaned by repeated cycles of
argon ion sputtering and annealing in UHV, and then the surface was
oxidized by keeping the sample at 470°C in a 1.0 x 10~ Pa oxygen envir-
onment for 10 min. The CeO,(111) thin-films were fabricated by depositing
cerium (rod, 99.9 % purity, GoodFellow) from a water-cooled e-beam
evaporator in the presence of 1.0 x 10~ Pa oxygen while keeping the pre-
oxidized Cu(111) sample at 480 °C. After the cerium evaporation, the
sample temperature was gradually reduced at a typical rate of 1°C/sec in an
1.0 x 10™° Pa oxygen. Upon the sample reaching 200 °C, both heating and
oxygen flow were stopped and the crystal was left to cool to room tem-
perature in UHV. Ultra-clean Milli-Q water, further purified by several
freeze-pump-thaw cycles, was dosed by backfilling the UHV preparation
chamber with water vapor through a leak valve while keeping the sample at
35 °C. Dosing with 5, 50 and 500 Langmuir of water with the sample at 35 °C
produced similar coverages as the one displayed in Fig. 1.

Probe preparation

We used the KolibriSensor (SPECS, Germany) for the detection of
both tunneling current and probe-surface interaction forces. The
probe of the KolibriSensor was sharpened to a typical apex radius of
~ 15 nm ex situ by using a focused ion beam, and it was further
conditioned for atomic resolution imaging in situ on copper oxide
surface areas coexisting with the CeO,(111) thin-films. Probe con-
ditioning is carried out until good and sharp atomic resolution is
obtained, and force spectroscopy over the three sites of the
CeO,(111) surface reproduces the trend shown in Fig. 1d. Mea-
surements were done on the fourth ceria surface bilayer (see Fig. S1),
in which an atomic arrangement close to the bulk ceria is expected.

DFT calculations

The adsorption and transition state structure optimizations, as well as the
simulated force-distance calculations, were performed using DFT as
implemented in the VASP code (version 5.4.4)*~* with the slab-supercell
approach®. The projector augmented wave (PAW) method® was used to
describe the valence electrons of the atomic species: Ce (4f, 5s, 5p, 5d, 6s), O
(2s,2p) and H (1s), with a plane-wave cutoff energy of 415 eV. The electron
localization on Ce** atoms of the support has been treated by means of the
DFT+U approach proposed by Dudarev et al”’, with a U value of
U — ] = 45 eV for the Ce 4f electrons. We used the PBE
exchange-correlation functional, the generalized gradient approximation
(GGA) suggested by Perdew, Burke, and Ernzerhof (PBE)*. The vdW
dispersion energy correction was considered by means of the so-called DFT-
D3 approach™*.

Adsorption and transition state structure calculations

CeO,(111) surfaces with (3 x 3) and (4 x 4) periodicities were modeled with
an optimized lattice constant of 5.485 A for bulk CeO,. The (3 x 3) surface
models have four O-Ce-O tri-layers, whereas the (4 x 4) models were built
with only three tri-layers to save computational resources. Both models have
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Fig. 7 | Spectroscopic curves measured at surface atomic sites surrounding a
water molecule. a Sets of Af curves measured over Ce and O positions around the
water molecule, highlighted with a red square in Fig. 1a. The inset is a constant-
height AFM image of the molecule, acquired before the spectroscopic measurement
at a separation corresponding to the origin of the distance axis. Black and red lattices
superimposed on the image highlight the cerium and oxygen surface positions,
respectively. b Detail of the Af curves close to the minima. Numbering and color link
the corresponding curve to the acquisition location in inset image: curves over the Ce
atoms are in cyan (1, 2, 3), orange (4, 5, 6) and blue (7, 8, and 9); and relevant curves
over O atoms are displayed in pink color (see also Fig. S11). Curves measured over Ce
(in black), O (in red), and CV (in yellow) sites far from the water molecule are
included for comparison. Acquisition parameters were: A = 60 pm and
fo=994230 Hz.

sufficient separation between consecutive slabs (~ 12 and 27 A, respectively).
All atoms in the bottom O-Ce-O tri-layer were kept fixed at their optimized
bulk-truncated positions during geometry optimization, whereas the rest of
the atoms were allowed to fully relax. A (2 x 2 x 1) k-point mesh, according
to the Monkhorst-Pack method®, was used to sample the Brillouin zone for
the (3 x 3) models, and only the I'-point for the (4 x 4) surface. For the gas-
phase calculations of the water molecule, a (15 x 15 x 15) A? cell was
employed, with I'-point only.

Two Ce** are reduced to Ce** when an oxygen vacancy is generated.
Following the previous work by Pan et al.” (which reported many dif-
ferent positions for the Ce’* on a (4 x 4) surface at the HSE level**”"), we
modeled the most stable configuration they found, where the Ce’" are
next-nearest neighbors of the vacancy (Fig. S7a and Fig. S8b). Note that
this causes the two Ce’* atoms to be neighbors (to each other) on the
(3 x 3) model (Fig. S5). To check that our results on the stability of water
and OH+H species were not significantly affected by this situation, and to
ensure that the (3 x 3) results were reliable for the subsequent spectro-
scopic studies, we also calculated the crucial structures on the (4 x 4)
model for the two most stable relative positions of the two Ce** atoms (Fig.
S7b, ¢ and Fig. S8c, d).
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The adsorption energy of water was calculated as:
AE,; = E(H,0/Ce0,(111)) — E(H,0) — E(CeO,(111)) (1)

where E(H,0/CeO,(111)) is the energy of the structure with water
adsorbed on the surface, E(H,0) is the energy of the molecule in the gas
phase, and E(CeO,(111)) is the total energy of the clean model surface.
To identify transition state structures, the climbing image nudged
elastic band technique (CI-NEB) was used®, and frequency calculations
were employed to check that only one imaginary frequency was found for
each of them. Activation energies (AE,,) are defined as the difference
between the energy of the transition state (TS) and the initial state (IS).

Simulated frequency shift curves

The frequency shift curves were calculated from the forces obtained with a
model probe that includes: i) a rigid CO molecule to describe the interaction
of the sample with the oxygen-termination of the probe apex, which pro-
vides chemical sensitivity and ii) the mesoscopic part of the apex (the yellow
cone in Fig. 1) whose only contribution is a long-range attraction. The
interaction with the apex as a function of the probe height is calculated with
DFT by vertically approaching the CO probe toward the surface, adding up
the vertical component of the force over the two atoms of the CO molecule at
each approach distance. The atoms of the water molecule and the first
trilayer of the surface were allowed to relax at each step of the approach,
while the remaining atoms in the surface were kept fixed. These relaxations
are minimal for the calculation of force curves over sites of the bare ceria
surface within the probe-surface distance range explored, and can safely be
disregarded to speed up calculations, but play a crucial role in the description
of the water response to the probe-sample interaction. The computed force
curves were converted into frequency shift (Af) curves using classical per-
turbation theory™ and the efficient approach proposed by Giessibl”.

To better compare calculated Af curves and images with the experi-
mental counterparts, we added the main contribution of the long-range
interaction between probe and surface in the experiments to all the calcu-
lated Af curves and images. To characterise the long-range interaction in
the experiments, we fitted the experimental Af curves over the long-range
distance regime considering the analytical expression for the Af originated
by the van der Waals interaction force between a spherical probe and a
plane,”>”:

fo ¢

C
Fw(2) = — = Af w(2) = 8- k- A 2P @)

@)’

where f;, k, and A represent the free-oscillation resonant frequency, the
effective stiffness, and the oscillation amplitude of the force sensor,
respectively, z denotes the probe-surface separation, and C is a fitting
parameter that accounts for the mesoscopic geometry of the probe.

For the calculation of the Af(z) curves from the atomic forces provided
by DFT, we used the experimental values of fo, and A (Fig. 1), and the value k
was obtained from the specifications of the KolibriSensor™. The parameter
C was determined by fitting the experimental Af(z) curves measured on the
stoichiometric surface over the tail towards the free-oscillation regime,
obtaining C= — 1.4311 x 10~° N pm’ (Fig. S16). Using these parameters, we
added the Af,;u/(z) background (cyan dotted line in Figs. 1d, S9 and S12) to
each of the Af(z) curves and images obtained from the DFT-based atomic
forces.

The calculated Af(z) curves provide a reference for the probe-surface
distance in the experiments, which is measured as the relative displacement
of the sample with respect to the probe (fixed in our experimental system).
In our simulations, on the contrary, the probe-surface distance is well
defined with an origin (z = 0) at the plane of the topmost oxygen layer of
CeO, (111) surface. To estimate the probe-surface distance in the experi-
ments, we shift the calculated Af(z) curves as a block (that is, preserving the
relative distance between them as defined by the DFT calculations) until an
acceptable alignment of the minima of all experimental and calculated

curves is reached. This process yields the equivalence: z,, = 0 <

P
z=411 pm.

Simulation of the constant-height AFM images

Constant-height AFM images were simulated using the FDBM™**"" as
implemented in the DBSPM GitHub repository: https:/github.com/
SPMTH/DBSPM. This method efficiently computes frequency shift ima-
ges while preserving the accuracy of the DFT-calculated forces, enabling the
high-fidelity reproduction of atomic resolution AFM images. FDBM cal-
culates the total force between a probe with an inert termination, like a CO
molecule, as the sum of three contributions: the short-range Pauli repulsion
(SR), the electrostatic interaction (ES), and the van der Waals dispersion
energy correction modeled by the D3-vdW method®. The SR and ES
contributions were computed as:

VSR = VO / [pprobe : Psutface]a dV, (3)

Vis = / Pprobe * DPyurface v, 4)

where pprope and pgurface Tepresent the charge density of probe and
surface, respectively, and Qgy,pace is the electrostatic potential of the
surface. These quantities are obtained from independent DFT calcula-
tions for the probe and sample. To obtain the short-range parameters («,
Vy), we fit the total force (SR + ES + vdWppr.ps) computed with the
FDBM method to DFT force-distance curves calculated with a rigid CO
probe positioned over representative sites of the reduced CeO,_,(111)
surface (Fig. S15). This process yields &= 1.08 and V= 36.96 eV/A%®*~Y,
ensuring that FDBM reproduces the DFT forces accurately, in particular
the short-range contribution involving oxygen atoms. Therefore, the
model should accurately describe the interaction with water molecules
adsorbed on the CeO,(111) surface. Since the oxygen atom in the water
molecule lies ~2 A above the surface oxygens, images of water acquired
at probe-surface distances ~5 A should be well captured by the FDBM
approach. The probe-surface long-range vdW force obtained from Eq.
(2) is then added to obtain the total force used to generate the Af
images shown in Figs. 3, S10 and S11 (see Fig. S17 for a detailed
description of the AFM image simulation workflow). The FDBM
simulated images shown in Fig. 3 were performed for water adsorbed on
the reduced CeO,_,(111) surface.

Data availability

All DFT data supporting the findings of this study are available at Zenodo
under the accession number https://zenodo.org/records/17360622. The
repository includes the following files: Structures.tar.gz, contain-
ing the VASP files for all structures reported in the paper; for-
ces_and_ freq shifts.tar.gz, containing the forces and
frequency-shift data used to reproduce the figures of the manuscript; and
movies.tar.gz, providing DFT spectroscopy animations in .mp4
format. A detailed description of the structural data is provided in
Structures README. txt. The experimental data supporting the
findings of this study are available from the author (O.C.) upon reasonable
request.
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