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Ordered hydroxyls on Ca3Ru2O7(001)
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As complex ternary perovskite-type oxides are increasingly used in solid oxide fuel cells,

electrolysis and catalysis, it is desirable to obtain a better understanding of their surface

chemical properties. Here we report a pronounced ordering of hydroxyls on the cleaved (001)

surface of the Ruddlesden-Popper perovskite Ca3Ru2O7 upon water adsorption at 105 K and

subsequent annealing to room temperature. Density functional theory calculations predict the

dissociative adsorption of a single water molecule (Eads= 1.64 eV), forming an (OH)ads group

adsorbed in a Ca-Ca bridge site, with an H transferred to a neighboring surface oxygen atom,

Osurf. Scanning tunneling microscopy images show a pronounced ordering of the hydroxyls

with (2 × 1), c(2 × 6), (1 × 3), and (1 × 1) periodicity. The present work demonstrates the

importance of octahedral rotation and tilt in perovskites, for influencing surface reactivity,

which here induces the ordering of the observed OH overlayers.
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Complex ternary oxides are intensively investigated for use
in electrocatalytic reactions such as water splitting or the
oxygen reduction reaction1, 2. Of particular interest are

perovskite-type oxides, with the basic formula ABO3 (where A
stands for an alkali, alkaline earth, or rare earth metal, while B
refers to transition metal) and variations of this structure, such as
double-perovskites, A2BB O6 or the Ruddlesden-Popper series
An+1BnO3n+1

3. Microscopic insights into the interaction of
perovskite-type oxides with relevant molecules, in particular with
water, are sorely needed for progress in this area.

Surface science can deliver such insight as was shown for metal4

and metal-oxide surfaces5. The very first and fundamental
question is whether a molecule in direct contact with the surface
will adsorb as an intact entity or dissociate. This is governed by the
subtle energy differences between interaction of water with the
surface-cation on the one side and H bonding to surface O atoms
on the other, and was addressed for several binary transition
metal oxides. Molecular adsorption was found for water on
anatase TiO2(101)6, 7 and on FeO(111)8. On TiO2(110)9, 10 and
RuO2(110)/Ru(0001)11, 12 water adsorbs molecularly as well, but
an equilibrium between molecular and short-lived dissociated
states is under debate12. Mixed molecular and dissociative
adsorption was observed on Fe3O4(001)13, Fe3O4(111)13

and ZnO(10-10)14. Water was found to exclusively dissociate
on the (1 × 1) and (2 × 1) surfaces of α-Fe2O3(012)15

as well as α-Fe2O3(0001)13.
The AO-terminated surfaces of perovskites are closely related

to the (001) surfaces of the binary alkaline earth oxides. On MgO
(001) water partially dissociates and forms two stable structures
with c(4 × 2) or p(3 × 2) symmetry, depending on temperature16.
On CaO(001) mixed dissociative and molecular adsorption were
experimentally observed already at very low coverages17. In a
density functional theory (DFT) study Hu et al.18 derived two key
factors that facilitate the dissociation of water on alkaline earth
oxides: (i) an increase in the lattice constant, which enhances
hydrogen bonding with the substrate, and (ii) the flexibility of the
substrate. In a recent study19 on the SrO-terminated surfaces of
the layered perovskites Sr3Ru2O7 and Sr2RuO4 it was shown that
the water monomer adsorption also follows these key factors.
Water dissociates into a (OH)ads, adsorbed on a cation-cation
bridge site, and a proton that forms a surface hydroxyl with a
surface oxygen atom. The (OH)ads stays trapped by the surface
hydroxyl, circling it by jumping between the four adjacent
Sr-Sr bridge positions. The dynamic behavior of these ion pairs
was predicted by theory20.

The rotation and tilting of the O octahedra in perovskites have
been shown to influence ferroelectricity, magnetism, and elec-
tronic structure21–24, and these structural elements are key for
understanding the physical properties of these complex materials.
There are indications that this concept influences the structure/
property relationship in solid-state chemistry as well—for
example in the context of fuel cell materials, octahedral tilting and
distortion was found to facilitate inter-octahedral proton trans-
fer25 and O diffusion26, respectively, in the bulk. As motion of the
octahedra renders inter-atomic distances inequivalent, this should
result in different adsorption geometries and strengths of adsor-
bed molecules, and thus also be a decisive factor in surface
chemistry.

Ca3Ru2O7, the prototypical perovskite material considered
here, is a layered perovskite of the Ruddlesden-Popper series
(alternating ABO3 and AO layers) and cleaves easily between
adjacent CaO layers. The RuO6 octahedra are rotated in the ab
plane and tilted by 12.9° with respect to the c axis. This affects the
position of the surface O atom with respect to the four sur-
rounding Ca-Ca bridge positions on the CaO terminated surface,
rendering these sites inequivalent for water adsorption. This

paper shows that the distance between a bridge site and its
neighboring surface oxygen atoms is a pivotal factor for the water
adsorption. Distinct ordering of the dissociated water is observed
which can be fully rationalized with the surface geometry formed
by the underlying octahedra. Based on accompanying DFT cal-
culations, detailed structural models for the (2 × 1), (1 × 3), and
(1 × 1) OH overlayers are presented.

Results
The pristine surface. As a sample, Ca3Ru2O7 was chosen.
This is the n= 2 member of the Ruddlesden-Popper series
Can+1RunO3n+1, which consists of two perovskite-like CaRuO3

layers separated by adjacent CaO layers along the [001] direction
(orthorhombic unit cell: a= 5.365 Å, b= 5.562 Å, c= 19.525 Å;
see Supplementary Table 1). The RuO6 octahedra are alternately
tilted with respect to the c axis, and alternately rotated in the ab
plane27, where the a, b, and c axes correspond to the [100], [010],
and [001] directions, respectively, see Fig. 1a, b. The preferred
cleaving plane is between two CaO layers, with a cleaving energy
of 3.62 eV (DFT value) per unit cell, or 0.91 eV per Ca-O bond.
This low cleavage energy is consistent with experiments, where
only the CaO termination is consistently observed. Terraces are
typically at least a few hundred nm in size. Higher-resolution
scanning tunneling microscopy (STM) images show alternating
bright and dark lines along the [010] direction, see Fig. 1c. The
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Fig. 1 The cleaved calcium ruthenate surface. a Unit cell of the n= 2
member of the Can+1RunO2n+1 Ruddlesden Popper series. The crystal
cleaves easily between neighboring CaO layers (marked by gray planes).
b Top view of the CaO-terminated Ca3Ru2O7(001) surface. The RuO6

octahedra are alternately tilted with respect to the c axis (most pronounced
in the ac plane), and rotated in the ab plane as indicated by the straight and
curved arrows, respectively. The red box marks the orthorhombic unit cell
(a= 5.365 Å, b= 5.562 Å). c STM image of the cleaved surface. The dark
(bright) lines along the [010] direction correspond to areas where the apical
oxygen atoms of the RuO6 octahedra are tilted toward (away from) each
other (see panel d). The point defects are attributed to spurious impurities
(see SI). The scale bar corresponds to 3 nm. STM parameters: Tsample=
78 K, Vsample= +0.8 V, Itunnel= 0.1 nA; image rotated and cropped; fast scan
direction is 68° clockwise from horizontal. d Tersoff-Hamann simulation of
the cleaved surface
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dark (bright) lines correspond to areas where the apical oxygen
atoms of the RuO6 octahedra are tilted toward (away from) each
other, see Fig. 1d. The calculated creation energies for oxygen and
calcium vacancies, 3.9 and 5.3 eV, respectively, are significantly
higher than the cleaving energy per broken Ca-O bond. The point
defects observed in the STM images thus are attributed to
impurities (Ti, Sr, Mg, Ba) in the material (see Supplementary
Note 1 and Supplementary Table 2) rather than intrinsic defects
that would stem from the cleaving process.

Water adsorption. First, increasing coverages of water are
followed in the O1s X-ray photoelectron spectroscopy (XPS), see
Fig. 2. The pristine surface exhibits an asymmetric peak at
529.2 eV binding energy (BE), broadened towards the high BE
side. According to DFT calculations the O1s core level for the
oxygen atoms in the CaO plane is shifted to 0.7 eV higher BE
compared to the RuO2 planes which serve as DFT reference.
Keeping in mind that the higher BE O1s signal of the CaO planes
contributes less to the total O1s intensity, the observation of only
one asymmetric peak in the experiment is attributed to the lim-
ited resolution of the experimental setup. For all annealed water
structures observed by STM (i.e., c(2 × 6), (1 × 3) and (1 × 1), see
below) the spectrum shows a shoulder between 530.0 and 531.0
eV BE; i.e., roughly 1.5 eV above the as-cleaved O peak. This fits
well to the calculated BE shifts of 1.57 and 1.23 eV for surface
hydroxyls in the (1 × 3) and (1 × 1) OH overlayer, respectively
(see Supplementary Table 3). Only after saturating the surface
with hydroxyls and dosing additional water at 105 K without
annealing, a peak at 533.1 eV BE is observed; i.e., 3.9 eV above the
bulk oxygen peak. This fits well to the calculated BE shift of 3.63
eV for molecular water. Therefore, in agreement with the DFT
results, the shoulder and the peak are attributed to dissociated
and molecular water, respectively.

The water monomer. Figure 3a shows a DFT model of the
pristine surface with inequivalent adsorption sites labeled as

surface oxygen atoms (Osurf) O1 and O2, and Ca-Ca bridge sites
B1 to B4. The inequivalence is caused by the rotation and tilting
of the RuO6 octahedra, leading to different distances between the
Osurf and the bridge sites, see Table 1. The calculations predict
that a single water molecule dissociates without a barrier, forming
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Fig. 2 O1s XPS spectra of the as-cleaved surface and various OH overlayers
observed by STM. Coverages up to and including the full monolayer lead to
a shoulder between 530.0 and 531.0 eV BE for the c(2 × 6), (1 × 3) and
(1 × 1) OH overlayer (full monolayer). Exposing the full monolayer to water
at 105 K leads to a peak at 533.1 eV BE (labeled ‘+3 L’). In agreement with
DFT calculations (dashed vertical lines, see Supplementary Table 3), the
shoulder and the peak are assigned to hydroxyls and molecular water,
respectively
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Fig. 3 DFT model for water adsorption on cleaved Ca3Ru2O7. a Top view
DFT model of the pristine surface (Ca—blue, O—red, H—white, Ru—yellow).
The unit cell is marked by the rectangle. The distances from the bridge sites
B1 to B4 to the surface oxygen atoms O1 and O2 differ because of the tilted
RuO6 octahedra and are listed in Table 1. The distance B1-O1 is shown as an
example, other distances are constructed analogously. b Top view and c side
view of the DFT model of the most preferred configuration B1O1 for one
dissociated water monomer with Eads_B1O1= 1.64 eV. The first subsurface
layer of RuO6 octahedra is shown. Water dissociates, forming an (OH)ads
group adsorbed on Ca-Ca bridge site B1 with a H transferred to the
neighboring surface oxygen atom, O1. The tilt angle of the hydroxylated
RuO6 octahedron increases from 12.9° to 16.3°, when compared to the
pristine surface. The energetically equivalent configuration B2O2 is not
shown. d According to Tersoff-Hamann simulations, STM shows the
(OH)ads as a bright feature. When compared to the Ca-Ca bridge centre
(dashed line), the (OH)ads sits slightly closer to the OsurfH (in [100]
direction)

Table 1 Bridge site to Osurf distances for the pristine surface

Bridge-O1 Distance (Å) Bridge-O2 Distance (Å)

B1 2.56 B1 1.98
B2 1.98 B2 2.56
B3 1.29 B3 1.90
B4 1.90 B4 1.29

The distances differ because of the rotated and tilted RuO6 octahedra (see Figs. 1 and 3)
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an (OH)ads group adsorbed on a bridge site, with the split-off H
transferred to a neighboring Osurf. The adsorption energy
depends on which bridge site the (OH)ads fragment is placed with
respect to the Osurf. If the split-off H is adsorbed on O1, the
(OH)ads is clearly preferred to sit on B1 (named B1O1 config-
uration) with an overall adsorption energy of Eads_B1O1= 1.64 eV,
see Fig. 3b, c. Compared to the pristine surface the tilt angle of the
hydroxylated RuO6 octahedron increases from 12.9° to 16.3°. The
adsorption energy, O-Ru-O bond angle and O-O distances
between the (OH)ads and the Osurf for all configurations are listed
in Table 2. The adsorption geometries for the configurations are
shown in Supplementary Fig. 1. The configuration B4O1 is not
stable, resulting in diffusion of the (OH)ads to the most preferred
B1 site. If the split-off H is adsorbed on O2, the preferred bridge
site is B2 as the same calculation applies, but for symmetry rea-
sons the roles of B1 and B3 switch with B2 and B4, respectively.

In the optimum adsorption position B1O1, the adsorption
energy of the dissociated molecule (Eads= 1.64 eV) is significantly
higher than for the intact molecule (Eads= 0.78 eV). The Ca-O
distance of the (OH)ads fragment is 2.39 Å. The OH bond length

of 0.97 Å for the (OH)ads fragment is slightly smaller than the
value of 1.03 Å found for the OsurfH bond. The latter bond is
tilted which allows the formation of an additional hydrogen bond
(O-O distance 2.57 Å, classified as strong hydrogen bond4) to the
(OH)ads fragment, with an H-(OH)ads distance of 1.55 Å. The
(OH)ads does not sit centred on the bridge site but slightly closer
to its respective OsurfH. A Tersoff-Hamann (TH) simulation
shows the (OH)ads as a bright feature, see Fig. 3d.

STM images show single bright features after exposing the
as-cleaved sample to 0.3 Langmuir (L, where 1 L equals an
exposure to 1 × 10−8 mbar for 133 s) of water at 105 K, see Fig. 4a.
These features are separated by at least one unit cell and sit
exclusively on top of the bright substrate lines. According to the
DFT model and TH simulations (see Fig. 3d) these bright features
are (OH)ads. Annealing the sample for 1 h at room temperature
leads to an apparent coverage increase from 0.13 monolayer (ML,
with respect to two adsorption sites per unit cell) to 0.34ML, see
Fig. 4b. This substantial increase suggests that the larger features,
labeled with an oval in Fig. 4a, contained several H2O molecules
that became mobile, dispersed across the surface, and dissociated.

Table 2 Adsorption configuration details

Configuration Eads O–Ru–O OHads-O1 OHads-O2 Slab size H2O molecules Coverage

(eV) (°) (Å) (Å) (surface unit cells) (ML)

B1O1 1.64 177.6 2.56 3.0 3 × 3 1 0.06
B2O1 1.44 176.2 2.52 3.18 3 × 3 1 0.06
B3O1 0.78 161.9 2.50 2.81 3 × 3 1 0.06
(2 × 1) 1.62 – – – 2 × 1 2 0.5
c(2 × 6) – – – – – – 0.58
(1 × 3) 1.59 – – – 1 × 3 4 0.67
(1 × 1) 1.48 – – – 1 × 1 2 1.0
Molecular 0.78 – – – 1 × 1 1 0.5

The adsorption energies for the dissociated monomer configurations decrease with increasing distortion of the hydroxylated octahedron, reflected in the decreasing O–Ru–O bond angle along the
octahedron's c axis (rows 1–3). The O–O distance between the OHads and the Osurf is similar for all configurations. The adsorption energy of the OH overlayers monotonically decreases with increasing
coverage (rows 4 to 7)
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Fig. 4 Water adsorbed on cleaved Ca3Ru2O7 and the (2 × 1) OH overlayer. a STM image of 0.3 Langmuir water dosed at 105 K. Single, bright features
(arrows, 0.13ML) that sit on the bright lines of the substrate are attributed to the (OH)ads of dissociated water. This agrees with the model that predicts the
(OH)ads to adsorb on bridge sites B1 or B2, i.e., on the bright lines of the substrate (see Fig. 3). The larger, brighter features (circles) contain several H2O
molecules. b STM image of the sample in panel a after annealing for 1 h at room temperature. The coverage increase from 0.13 to 0.34ML corroborates
that the larger, bright features (circled in panel a) contained several H2O molecules that became mobile, dispersed across the surface and dissociated. The
box marks a more densely covered area with local (2 × 1) symmetry. Double lines are formed, with a smaller gap within the double line, and a wider gap
separating two double lines, marked by short and long arrows, respectively. See panel c for model. The bracketsmark spots separated by half a unit cell along
[010], named bright-dark feature. This feature is tentatively assigned to two (OH)ads on neighboring bridge sites, i.e., B1-O1 and B2-O2, with one of the
(OH)ads appearing darker than the other. c DFT model and TH simulation of the (2 × 1) OH overlayer, corresponding to a coverage of 0.5ML.
The single-unit-cell spacing along each line leads to occupation of either the B1O1 or the symmetrically equivalent B2O2 configuration (see Fig. 3). In
adjacent lines the (OH)ads are shifted by half a unit cell in [010] direction and thus occupy the other configuration. Therefore, the (OH)ads on adjacent lines
are shifted along [100] in opposite directions, leading to narrow and wide gaps between the lines. STM parameters: Tsample= 78 K, Vsample= −0.8 V,
Itunnel= 0.1 nA; fast scan direction is 18° clockwise from horizontal. All scale bars correspond to 2 nm

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-00066-w

4 NATURE COMMUNICATIONS |8:  23 |DOI: 10.1038/s41467-017-00066-w |www.nature.com/naturecommunications

www.nature.com/naturecommunications


OH overlayers. The white box in Fig. 4b marks a densely covered
area, where six neighboring substrate lines are occupied. This
results in a local (2 × 1) symmetry. The (OH)ads along the same
substrate line are spaced one unit cell apart from each other. On
the neighboring line the (OH)ads are shifted by half a unit cell
along the [010] direction. Double lines are formed, with a smaller
gap within one double line, and a wider gap separating two
double lines. The gaps are explained considering the preferred
adsorption sites discussed in the context of Fig. 3. Only the most
favorable configurations are occupied, i.e., B1O1 in one line and
the symmetrically equivalent B2O2 in the adjacent lines. This
causes the (OH)ads in adjacent lines to shift in opposite directions
along [100], and leads to the narrow and wide gaps between the
lines. Figure 4c shows the DFT model and the TH simulation of
the (2 × 1) OH overlayer, corresponding to a 0.5ML coverage.
The calculation gives an adsorption energy decrease of 20meV per
H2O molecule compared to the isolated water monomer,
suggesting slightly repulsive interaction between the (OH)ads
(see Table 2).

The brackets in Fig. 4b mark spots separated by half a unit cell
along [010], named bright-dark feature. The feature is tentatively

assigned to two (OH)ads on neighboring bridge sites, i.e., B1O1
and B2O2, with one of the (OH)ads appearing darker than the
other. Interestingly, the darker (OH)ads are all oriented toward the
[0–10] direction.

Increasing the initial dose to 0.5 L at 100 K, and annealing for
1 h at room temperature leads to a c(2 × 6) OH overlayer that
covers the whole surface (see Fig. 5a, b). The OH overlayer is now
compressed along [010]; 7 (OH)ads are found on six unit cells,
with a shift by half an OH-OH distance between adjacent lines.
The (OH)ads along [010] do not form perfectly straight lines, but
slightly undulate. The coverage increase from 0.34 to 7/12= 0.58
ML (again, with respect to Osurf or Ca sites) fits well to the dose
increase from 0.3 to 0.5 L when compared to the results in Fig. 4b.

Exposing the c(2 × 6) OH overlayer to an additional H2O dose
of 0.15 L at 100 K, and annealing for 1 h at room temperature
results in a (1 × 3) OH overlayer corresponding to 0.67ML, see
Fig. 5c. The surface is covered by (1 × 3) domains surrounded by
a mixture of the bright-dark features and single water monomers.
According to the DFT model and TH simulation, the (1 × 3) OH
overlayer consists of dimers of dissociated water in the most
favorable configurations along [010], i.e., B1O1 and B2O2 (see
Fig. 5d), or B2O2 and B1O1, with one unoccupied bridge site
between them. The bright-dark features are separated by one
unoccupied bridge site from either another bright-dark feature or
a water monomer (along [010]). Counting the number of bright-
dark features and water monomers in a large scale STM image
(Fig. 6a) gives an average 0.60ML coverage for the mixture.

Further increasing the water coverage by increasing the initial
dose to the c(2 × 6)OH overlayer and decreasing the annealing
time results in the (1 × 3) domains covering first an increasing
part and then almost the whole surface, see Fig. 6b, c, respectively.
The experimental annealing procedure (i.e., placing the sample
into a RT environment for 15 min) leaves considerable uncer-
tainty regarding the exact temperature that was reached; probably
it was somewhere between 160 and 300 K.

Dosing 0.4 L to the (1 × 3) covered surface leads to bright,
slightly undulating lines along [010] with almost no gaps, see
Fig. 7a. The continuous, undulating lines agree well with TH
simulations for a (1 × 1) OH overlayer, i.e., the full monolayer
with all Osurf atoms hydroxylated, see inset Fig. 7a. Dosing more
water to the fully hydroxylated surface without annealing leads to
diffuse, white patches in STM that are assigned to molecular
water moving under the tip, see Fig. 7b.

Annealing an OH covered sample for longer times at room
temperature leads to partial desorption of water. Supplementary
Fig. 2a shows the sample in Fig. 6c (i.e., almost fully covered by
the (1 × 3) OH overlayer) after annealing for 3 h at room
temperature. Only a few (1 × 3) OH overlayer patches remain
while the sample is mainly covered by a mixture of the (2 × 1) OH
overlayer and bright-dark features. A different OH covered
sample annealed for 20 min at 330 K was still covered by patches
of the (2 × 1) OH overlayer, see Supplementary Fig. 2b. A rough
estimate for the adsorption energy based on the desorption rates
and temperatures is 1 to 1.26 eV. Annealing at higher
temperatures was not possible because of the epoxy glue that
was used to mount the sample.

Adsorption at oxygen vacancies. Oxygen vacancies (VO) were
investigated as they are a common theme in metal-oxides and
especially important for mixed ionic and electronic conductors,
serving as electrodes in solid oxide fuel cells3, 28. VOs do not form
spontaneously when cleaving the samples; here they were instead
created by irradiating the clean surface by 1 keV electrons29, 30,
see Fig. 8a, b. At low temperatures no interaction was observed
between the water and the VO (Fig. 8c), but after annealing to
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Fig. 5 The c(2 × 6) and (1 × 3) OH overlayer. a STM image of 0.5 L water
dosed at 110 K and subsequently annealed for 1 h at room temperature. The
(OH)ads along [010] are not perfectly straight but slightly undulate (marked
by lines to guide the eye). STM parameters: Tsample= 78 K, Vsample= −0.4
V, Itunnel= 0.2 nA; fast scan direction is 18° clockwise from horizontal.
b Fourier transform of the STM image in panel a. The grid shows the
primitive unit cell of the OH overlayer; the circles mark the substrate spots.
The overlayer exhibits a c(2 × 6) periodicity corresponding to a coverage of
0.58ML (7/6 H2O per unit cell). c STM image after exposing the c(2 × 6)
OH overlayer to 0.15 L at 100 K and annealing at room temperature for 1 h.
The surface is covered by domains of a (1 × 3) OH overlayer (solid box) as
well as a mixture of bright-dark features (dashed box) and water monomers
STM parameters: Tsample= 78 K, Vsample= −0.8 V, Itunnel= 0.1 nA; fast scan
direction is 18.5° clockwise from horizontal. d DFT model and TH
simulation of the (1 × 3) OH overlayer, corresponding to 0.67ML. Along
[010] pairs of dissociated water in the most favorable configurations are
formed, i.e., B1O1 and B2O2 (shown here), or B2O2 and B1O1, with one
unoccupied bridge site between them. The box marks the superstructure
cell, which spans three substrate unit cells in [010] direction. All scale bars
correspond to 3 nm
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room temperature bright, double-lobed features are observed that
sit centred on the bright substrate lines (Fig. 8d). These features
are assigned to two neighboring surface hydroxyls, formed by the
dissociation of water that filled the VO. The adsorption energy for
dissociative adsorption at an oxygen vacancy is 2.41 eV according
to the DFT calculations. The hydrogen can be desorbed by
scanning with a high positive bias voltage31 leaving behind the
pristine surface (Fig. 8e, f).

Discussion
On the basis of our XPS experiments and DFT calculations it is
clear that water adsorbs dissociatively on Ca3Ru2O7. STM images
show ordering of the (OH)ads in agreement with the calculated
adsorption model. Interestingly, the evolution of ordered struc-
tures, which at first sight is rather complex, can be rationalized by
considering the rotation and tilt of the O octahedra. In the most
preferred configuration B1O1 (Fig. 3b) the tilt of the hydroxylated
octahedron increases from 12.9° to 16.3° towards its natural

tilting direction when the water dissociates at this site. The
O-Ru-O angle changes minimally from 178.2° to 177.6°. The O-O
distances between the (OH)ads and O1 and O2 are 2.57 and 2.98
Å, respectively. The weaker adsorption energies for the
configurations B2O1 and B3O1 correlate foremost with the forced
tilting of the octahedron that is necessary to accommodate the
dissociation fragments at similar O-O distances; in both cases this
tilt goes against the natural direction and distorts the O-Ru-O
angles (see Table 2 and Supplementary Fig. 1). The order of
adsorption preference (B1O1, B2O1, B3O1) is in agreement with
the decreasing distances between the bridge site and O1 on the
pristine surface, which, in turn, are an indicator for the natural
tilting direction of the octahedron (see Table 1).

With the largest bridge site to Osurf distance (i.e., B1-O1 and
B2-O2) providing the highest adsorption energy only these sites
are filled and, at low coverages, every other bridge site along [010]
is left out, leading to a local (2 × 1) ordering of individual
hydroxide pairs (Fig. 4b). As the coverage increases, the (2 × 1)
OH overlayer is compressed along [010] and forms the c(2 × 6)
OH overlayer with 7 (OH)ads on six unit cells (0.58 ML). The
undulation probably arises from the inequivalent positions of
the (OH)ads with respect to the bridge site due to the compres-
sion. Additionally, the protons of the (OH)ads may be oriented
differently depending on the exact positions of the oxygens.
Further increasing coverage leads to fragments of the dissociated
water locating at neighboring bridge sites in the (1 × 3) OH
overlayer and the bright-dark features (see Fig. 5c). The ratio of
surface covered by the (1 × 3) OH overlayer to surface covered by
the mixture of bright-dark features and water monomers depends
on the overall water coverage. The more water, the more surface
is covered by the (1 × 3) OH overlayer (see Fig. 6). This trend
agrees with the (1 × 3) OH overlayer being equivalent to 0.67 ML
and the mixture of bright-dark features and monomers being
equivalent to roughly 0.60ML. The skipping of available sites and
the monotonic decrease in adsorption energy as the coverage
increases (see Table 2) suggests that the ordering is governed by
electrostatic repulsion. On BaO(001)32 the electrostatic repulsion
between (OH)ads and OsurfH was shown to be screened by the
Ba2+cations. However, the polarizability33 of Ca2+ is four times
lower than of Ba2+, and Ca3Ru2O7(001) is less symmetric than
BaO(001) thus the screening may be less effective.

The bright-dark feature is suggested to be a dissociated water
dimer in two adjacent bridge sites along [010], eventually leading
to a full (1 × 3) OH overlayer. However, in the precursor bright-
dark structure the (OH)ads that is oriented toward the [0-10]
direction appears darker. A possible explanation is the inequi-
valence of the bridge sites available for the second water once the
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Fig. 6 Effect of increasing water coverage. STM images after exposing the c(2 × 6) OH overlayer to increasing water doses at 105 K and decreasing
annealing times at room temperature. a 0.15 L and 1 h annealing time. b 0.5 L and 30min annealing time. c 1.0 L and 15 min annealing time. The higher
the overall water coverage, the more surface is covered by the (1 × 3) OH overlayer. In panel c it covers almost the whole surface. STM parameters:
Tsample= 78 K, Vsample= −0.8 V, Itunnel= 0.1 nA; fast scan direction is 18° clockwise from horizontal. All scale bars correspond to 5 nm
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Fig. 7 The (1 × 1) OH overlayer and molecular water. a STM image after
dosing 0.4 L on the almost fully-developed (1 × 3) overlayer in Fig. 7c. The
sample is almost completely covered by undulating, bright lines in [010]
direction, showing only a few gaps, where the (1 × 3) structure is still visible.
The single, bright features are unidentified adsorbates (approx. 0.03ML)
from the residual gas. The inset shows the DFT model and TH simulation of
the (1 × 1) OH overlayer, i.e., the full monolayer. Both equivalent adsorption
sites (B1O1 and B2O2) in the unit cell are occupied, i.e., all surface oxygens
are hydroxylated. b STM image after exposing the sample in panel a to
0.75 L water. The gaps in the undulating bright hydroxyl lines have closed.
The diffuse, white patches are assigned to molecular water (see Fig. 2). STM
parameters: Tsample= 78 K, Vsample= −0.8 V, Itunnel= 0.1 nA; fast scan
direction is 18° clockwise from horizontal. All scale bars correspond to 3 nm
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first water has adsorbed and dissociated. In one case the (OH)ads
is next to the unoccupied site, in the other case the OsurfH.
However, DFT calculations resulted in no energy differences for
the two cases.

It is instructive to compare the adsorption behavior on
Ca3Ru2O7 to the related strontium ruthenate perovskite and the
simpler CaO, where the surface is much more symmetric and
where detailed surface measurements are available. The
dissociation into an (OH)ads fragment, adsorbed on a cation
bridge site, and into a proton, adsorbed on a neighboring surface
oxygen, was recently observed on the SrO-terminated surface of
Srn+1RunO3n+1 (n= 1,2)19. There the oxygen octahedra are not
tilted with respect to the [001] direction, hence the surface oxygen
sublattice is square and all bridge sites are equally spaced from the
Osurf. The (OH)ads fragment hops between the four equivalent
cation bridge sites around the OsurfH fragment at liquid-nitrogen
temperature. In the present work no hopping of the (OH)ads was
observed. This again agrees with one of the bridge sites
surrounding the Osurf being clearly preferred for adsorption
(see Table 2). At low coverages dimers are not formed, but every
other bridge site along the [010] direction is unoccupied as
discussed above. In contrast, on Srn+1RunO3n+1 stable dimers in
adjacent Sr-Sr bridge sites are preferentially formed, evolving into
one-dimensional chains19. On the simpler binary oxide CaO(001)
the dissociation of the water monomer was predicted with
adsorption energies around 0.9 eV18, 20. The higher adsorption
energy of 1.64 eV on Ca3Ru2O7 fits well to the reported key
relevance of the lattice constant, as here the Ca-Ca distance is
10.2% larger than on CaO(001)18. Experimentally, mixed
dissociative and molecular adsorption were observed already at
very low coverages on CaO(001)17, in contrast to the exclusively
dissociative adsorption on Ca3Ru2O7. It is interesting that OsurfH
hydroxyl pairs that form when water dissociates at an oxygen
vacancy and fills it also show preferential arrangement.
(Here such VOs were not observed on the as-cleaved surface
but artificially created by electron bombardment.) After dosing
water at 105 K and annealing to room temperature bright,
double-lobed features formed (Fig. 8d). The two lobes always
span a bright substrate line, indicating that the split-off proton
prefers to adsorb on the Osurf that has the larger distance
(4.5 vs. 3.2 Å) to the surface hydroxyl that formed at the location
of the healed VO.

In conclusion, water adsorbs exclusively dissociatively on
Ca3Ru2O7(001) upon water exposure at 105 K and subsequent

annealing to room temperature. The resulting ordered OH
overlayers are (except for the large-cell c(2 × 6) OH overlayer)
fully rationalized with DFT calculations. Molecular water is not
observed in any overlayer up to full monolayer coverage. The OH
overlayers show a pronounced ordering of the dissociation frag-
ments, caused by inequivalent adsorption sites in the surface unit
cell. This inequivalence originates from the distorted oxygen
sublattice consisting of the apical oxygen atoms of the underlying
rotated and tilted RuO6 octahedra. The present work thus
demonstrates the crucial influence of octahedral rotation and tilt
on the surface reactivity of perovskites, suggesting that the
engineering of these structural elements (e.g., by utilizing strain)
could be useful for tuning the surface chemistry of these
increasingly important materials.

Methods
Experimental set-up and sample preparation. The experiments were carried out
in an ultra-high vacuum (UHV) system consisting of a preparation chamber and
an STM chamber with base pressures of 2 × 10−11 and 6 × 10−12 mbar, respectively.
A low-temperature STM (commercial Omicron LT-STM) was operated at 78 K in
constant-current mode using an electro-chemically etched W-tip. The bias voltage
was applied to the sample; positive or negative bias voltages result in STM images
of the unoccupied or occupied states, respectively. All STM images shown were
corrected for distortions as described elsewhere34. High-quality calcium ruthenate
single crystals were grown by the floating zone technique using a mirror-focused
furnace35. The composition of the samples was determined via inductively coupled
plasma mass spectroscopy using laser ablation for direct analysis of the solid
samples. Before insertion into the UHV, the samples were fixed on stainless-steel
sample plates with conducting silver epoxy glue (EPO-TEK H21D, Epoxy Tech-
nology Inc.), and a metal stud was glued on top with another epoxy adhesive (EPO-
TEK H77, Epoxy Technology Inc.). The crystals were cleaved in the analysis
chamber at 100 K by removing the metal stub with a wobble stick (see Supple-
mentary Note 2 for comment on success rate). Deionized water (Millipore water,
purified in-house) was further cleaned by several freeze-pump-thaw cycles and was
dosed in the preparation chamber while keeping the sample at 105 K. Annealing
was done by bringing the sample in contact with an annealing stage, held at room
temperature. For creating O vacancies, the sample was bombarded by electrons
from a well-outgassed electron source in the preparation chamber with the sample
held at 105 K. XPS was performed in the preparation chamber using non-
monochromatized Mg Kα X-rays and a SPECS PHOIBOS 100 electron analyzer at
normal emission with a pass energy of 15 eV.

Density functional theory. The calculations were performed using the Vienna
Ab-initio Simulation Package. This code employs the projector augmented plane
wave formalism and PAW potentials36 with an energy cutoff of 400 eV. As a proper
treatment of dispersion effects is important for the adsorption of water37 the so-
called optB86b38, 39 functional was used. The k-point meshes used were generated
by the Monkhorst-Pack40 scheme using a Gamma-centred 6 × 6 × 1 mesh for the
surface calculations on the 1 × 1 unit cell and correspondingly reduced meshes for
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Fig. 8 Oxygen vacancies on cleaved Ca3Ru2O7. a Empty and b filled-states STM image of Ca3Ru2O7 after irradiation with 1 keV electrons at 105 K. In empty
states, the oxygen vacancy (VO) appears as a small, bright dot on the dark substrate line with a one-sided, dark patch extending into the bright substrate line.
In filled states, the VO appears as a large, bright dot on the dark substrate line. c Filled-states STM image after exposure to 0.05 L water. d Different area than
in panel c and after annealing to room temperature for 50min. The bright, double-lobed features are attributed to neighboring surface hydroxyls, formed by
the dissociation of water that filled the VO. e Small-area STM image of a double-lobed feature next to unidentified adsorbates. f Same area as in panel e, but
after scanning the area with a bias of +4.5 V. The double-lobed feature has desorbed and at its former location the pristine surface is left behind. STM
parameters: Tsample= 78 K, Itunnel= 0.1 nA, for Vsample see figures; fast scan direction is 16° a–d and 18° e–f anticlockwise from horizontal. All scale bars
correspond to 1 nm
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the larger cells. The structural relaxations were performed until the residual forces
were below 0.01 eV/Å (see Supplementary Note 3). Slabs consisting of one double
layer Ca3Ru2O7 separated by 15 Å of vacuum were used, similar to the model
previously used for strontium ruthenate19. STM images were simulated using the
TH41 approach and all core level shifts were calculated in the final state
approximation42.

Data availability. The data that support the findings of this study are available
from the corresponding author on request.

Received: 13 January 2017 Accepted: 25 April 2017

References
1. Vojvodic, A. & Nørskov, J. K. Optimizing perovskites for the water-splitting

reaction. Science 334, 1355–1356 (2011).
2. Suntivich, J., May, K. J., Gasteiger, H. A., Goodenough, J. B. & Shao-Horn, Y.

A perovskite oxide optimized for oxygen evolution catalysis from molecular
orbital principles. Science 334, 1383–1385 (2011).

3. Kilner, J. A. & Burriel, M. Materials for intermediate-temperature solid-oxide
fuel cells. Annu. Rev. Mater. Res. 44, 365–393 (2014).

4. Thiel, P. A. & Madey, T. E. The interaction of water with solid surfaces:
fundamental aspects. Surf. Sci. Rep. 7, 211–385 (1987).

5. Henderson, M. The interaction of water with solid surfaces: fundamental
aspects revisited. Surf. Sci. Rep. 46, 1–308 (2002).

6. Herman, G. S., Dohnalek, Z., Ruzycki, N. & Diebold, U. Experimental
investigation of the interaction of water and methanol with anatase-TiO2(101).
J. Phys. Chem. B 107, 2788–2795 (2003).

7. Vittadini, A., Selloni, A., Rotzinger, F. P. & Grätzel, M. Structure and energetics
of water adsorbed at TiO2 anatase (101) and (001) Surfaces. Phys. Rev. Lett. 81,
2954–2957 (1998).

8. Daschbach, J. L., Dohnálek, Z., Liu, S., Smith, R. S. & Kay, B. D. Water
adsorption, desorption, and clustering on FeO(111). J. Phys. Chem. B. 109,
10362–10370 (2005).

9. Wendt, S. et al. Formation and splitting of paired hydroxyl groups on reduced
TiO2(110). Phys. Rev. Lett. 96, 066107 (2006).

10. Brookes, I. M., Muryn, C. A. & Thornton, G. Imaging water dissociation on
TiO2(110). Phys. Rev. Lett. 87, 266103 (2001).

11. Lobo, A. & Conrad, H. Interaction of H2O with the RuO2(110) surface studied
by HREELS and TDS. Surf. Sci. 523, 279–286 (2003).

12. Mu, R. et al. Dimerization induced deprotonation of water on RuO2(110).
J. Phys. Chem. Lett. 5, 3445–3450 (2014).

13. Parkinson, G. S. Iron oxide surfaces. Surf. Sci. Rep. 71, 272–365 (2016).
14. Meyer, B. et al. Partial dissociation of water leads to stable superstructures on

the surface of zinc oxide. Angew. Chem. Int. Ed. Engl. 43, 6642–6645 (2004).
15. Henderson, M. A., Joyce, S. A. & Rustad, J. R. Interaction of water with the

(1×1) and (2×1) surfaces of α-Fe2O3(012). Surf. Sci. 417, 66–81 (1998).
16. Włodarczyk, R. et al. Structures of the ordered water monolayer on MgO(001).

J. Phys. Chem. C 115, 6764–6774 (2011).
17. Zhao, X. et al. Formation of water chains on CaO(001): what drives the 1D

growth? J. Phys. Chem. Lett. 6, 1204–1208 (2015).
18. Hu, X. L., Carrasco, J., Klimeš, J. & Michaelides, A. Trends in water monomer

adsorption and dissociation on flat insulating surfaces. Phys. Chem. Chem.
Phys. 13, 12447–12453 (2011).

19. Halwidl, D. et al. Adsorption of water at the SrO surface of ruthenates. Nat.
Mater. 15, 450–456 (2015).

20. Carrasco, J., Illas, F. & Lopez, N. Dynamic ion pairs in the adsorption of
isolated water molecules on alkaline-earth oxide (001) surfaces. Phys. Rev. Lett.
100, 16101 (2008).

21. Benedek, N. A. & Fennie, C. J. Hybrid improper ferroelectricity: a mechanism
for controllable polarization-magnetization coupling. Phys. Rev. Lett. 106, 3–6
(2011).

22. Kimura, T. et al. Distorted perovskite with eg1 configuration as a frustrated spin
system. Phys. Rev. B 68, 60403 (2003).

23. Rini, M. et al. Control of the electronic phase of a manganite by mode-selective
vibrational excitation. Nature 449, 72–74 (2007).

24. Kim, B. J. et al. Missing xy-band Fermi surface in 4d transition-metal oxide
Sr2RhO4: Effect of the octahedra rotation on the electronic structure. Phys. Rev.
Lett. 97, 106401 (2006).

25. Gomez, M. A., Griffin, M. A., Jindal, S., Rule, K. D. & Cooper, V. R. The effect
of octahedral tilting on proton binding sites and transition states in pseudo-
cubic perovskite oxides. J. Chem. Phys. 123, 94703 (2005).

26. Han, J. W. & Yildiz, B. Enhanced one dimensional mobility of oxygen on
strained LaCoO3(001) surface. J. Mater. Chem. 21, 18983–18990 (2011).

27. Cao, G., Abboud, K., McCall, S., Crow, J. E. & Guertin, R. P. Spin-charge
coupling for dilute La-doped Ca3Ru2O7. Phys. Rev. B 62, 998–1003 (2000).

28. Adler, S. B., Lane, J. A. & Steele, B. C. H. Electrode kinetics of porous mixed-
conducting oxygen electrodes. J. Electrochem. Soc. 143, 3554 (1996).

29. Dulub, O. et al. Electron-induced oxygen desorption from the TiO2(011)-
2×1 surface leads to self-organized vacancies. Science 317, 1052–1056 (2007).

30. Stöger, B. et al. Point defects at cleaved Srn+1RunO3n+1(001) surfaces. Phys. Rev.
B 90, 165438 (2014).

31. Setvin, M. et al. Identification of adsorbed molecules via STM tip manipulation:
CO, H2O, and O2 on TiO2 anatase (101). Phys. Chem. Chem. Phys. 16,
21524–21530 (2014).

32. Grönbeck, H. & Panas, I. Ab initio molecular dynamics calculations of H2O on
BaO(001). Phys. Rev. B 77, 245419 (2008).

33. Schmidt, P. C., Weiss, A. & Das, T. P. Effect of crystal fields and self-
consistency on dipole and quadrupole polarizabilities of closed-shell ions. Phys.
Rev. B 19, 5525–5534 (1979).

34. Choi, J. I. J. et al. The growth of ultra-thin zirconia films on Pd3Zr(0001).
J. Phys. Condens. Matter 26, 225003 (2014).

35. Bao, W., Mao, Z. Q., Qu, Z. & Lynn, J. W. Spin valve effect and magnetoresistivity
in single crystalline Ca3Ru2O7. Phys. Rev. Lett. 100, 247203 (2008).

36. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758–1775 (1999).

37. Carrasco, J., Klimeš, J. & Michaelides, A. The role of van der Waals forces in
water adsorption on metals. J. Chem. Phys. 138, 24708 (2013).

38. Klime, J., Bowler, D. R. & Michaelides, A. Van der Waals density
functionals applied to solids. Phys. Rev. B - Condens. Matter Mater. Phys 83,
1–13 (2011).

39. Klimeš, J., Bowler, D. R. & Michaelides, A. Chemical accuracy for the van der
Waals density functional. J. Phys. Condens. Matter 22, 22201 (2010).

40. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations.
Phys. Rev. B 13, 5188–5192 (1976).

41. Tersoff, J. & Hamann, D. R. Theory of the scanning tunneling microscope.
Phys. Rev. B 31, 805–813 (1985).

42. Köhler, L. & Kresse, G. Density functional study of CO on Rh(111). Phys. Rev.
B 70, 165405 (2004).

43. Momma, K. & Izumi, F. VESTA 3 for three-dimensional visualization of
crystal, volumetric and morphology data. J. Appl. Crystallogr. 44, 1272–1276
(2011).

Acknowledgement
This work was supported by the Austrian Science Fund (FWF project F45), the ERC
Advanced Grant “OxideSurfaces” and the Vienna Scientific Cluster (VSC). Structural
drawings were prepared using the program VESTA43. The work at Tulane is supported
by the U.S. Department of Energy under EPSCoR Grant No. DE-SC0012432 with
additional support from the Louisiana Board of Regents.

Author contributions
D.H. performed the STM experiments and data analysis. W.M.S., F.M., and J.R.
performed the DFT calculations. D.F., J.P., and Z.M. grew the sample. U.D. directed and
supervised the project. D.H., M.S., and U.D. wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-00066-w.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-00066-w

8 NATURE COMMUNICATIONS |8:  23 |DOI: 10.1038/s41467-017-00066-w |www.nature.com/naturecommunications

http://dx.doi.org/10.1038/s41467-017-00066-w
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Ordered hydroxyls on Ca3Ru2O7(001)
	Results
	The pristine surface
	Water adsorption
	The water monomer
	OH overlayers
	Adsorption at oxygen vacancies

	Discussion
	Methods
	Experimental set-up and sample preparation
	Density functional theory
	Data availability

	References
	Acknowledgement
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




