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ABSTRACT: We study the interface between adsorbed water and
stoichiometric, defect-free (110) rutile oxide surfaces of TiO2, RuO2, and
IrO2 in order to understand how water inﬂuences the stabilities of the
intermediates of the oxygen evolution reaction (OER). In our model the
water is treated as explicitly adsorbed H2O molecules, which are found to
form two-dimensional water chains (layers) on all investigated oxide
surfaces. The ﬁrst chain formed by the most strongly bound H2O
molecules is adsorbed on the 5-fold coordinated surface metal atoms. The
second chain is composed of less strongly bound H2O molecules binding
to bridging oxygens. The third chain interacts weakly and predominantly
with the H2O molecules of the second layer, resembling bulk water. We
ﬁnd that the stability of the water layer close to the oxide surface is almost
the same as the one found on ﬂat metal surfaces, such as the Pt(111)
surface, despite the highly diﬀerent adsorption pattern of the water molecules. We show that the presence of a water network has
some eﬀect on the interaction of individual intermediates of the OER with the oxide surface. However, the theoretical OER
overpotential remains almost unchanged in the case of RuO2 and IrO2, while it is increased by ∼0.4 eV for TiO2.

1. INTRODUCTION

Adsorption of water on TiO2 surfaces has been widely
studied both experimentally and theoretically due to the
importance of aqueous−solid interfacial interaction in catalytic,
electrochemical, and photochemical applications of TiO2-based
systems.10−19 Most of the experimental results agree that water
does not dissociate on TiO2(110), except at defect sites. While
some early theoretical studies predicted dissociative H2O
adsorption,12,19 most of the recent studies acknowledge that
water adsorbs molecularly on a stoichiometric defect-free
TiO2(110) surface and that dissociative adsorption of water
only occurs on structural defects such as kinks, steps, or oxygen
vacancies.10,15,16 A recent density functional theory (DFT)
study combined with scanning tunneling microscopy (STM)
measurements clariﬁes that there is formation of water chains
on TiO2(110).20 Kimmel et al. also investigated adsorption of
thin water ﬁlms on the TiO2(110) surface with ab initio
molecular dynamics and infrared reﬂection-adsorption spectroscopy and showed an anisotropy in the water ﬁlm and shed
light on hydrogen bonding between water molecules in the ﬁrst
and second monolayers.21 Using ab initio molecular dynamics,
Liu et al. show the presence of two distinct water layers
consisting of intact water molecules in the aqueous water ﬁlm

The presence of water is highly important in a large number of
chemical and biological reactions. In many cases even the
reaction itself relies on the presence of water. For example, the
central role of water in enzymatic catalysis has long been
studied.1 Water can also act as an electrolyte in a large number
of electrocatalytic reactions such as electrolysis and photolysis.
For electrocatalytic and photocatalytic reactions taking place in
water it is essential to include the eﬀect of solvation of
reactants, intermediates, and products at the surface.2−4
However, modeling water in computational studies is complex
and requires very eﬃcient functionals describing hydrogen
bonding interactions; therefore, it has only been done for a
limited number of surfaces.5−9 For example, water splitting and
the two subreactions, the hydrogen evolution reaction (HER)
and the oxygen evolution reaction (OER), are in most cases
studied theoretically without explicitly including the water. One
reason is that the molecular scale structure of adsorbed water
on metal oxides is still controversial. On metal surfaces,5−9
water desorption is facile, while MO2(110) oxide surfaces
strongly chemisorb molecular water via interaction between the
lone pair of the oxygen atom and the 5-fold coordinated metal
sites, which act as acidic adsorption sites.2 Even more
importantly is whether the presence of water aﬀects the OER
chemistry.
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Figure 1. Top and side views of the most stable conﬁguration for diﬀerent water coverages on the defect-free TiO2(110) surface. Diﬀerential and
average adsorption energies are given in the last rows. Titanium, oxygen, and hydrogen atoms are represented by dark gray, red, and white spheres.
The surface is repeated several times in both the [100] and [010] directions.

on TiO2(110).10 They also ﬁnd that independent of the
exchange-correlation functional used, the ﬁrst water layer
comprised bound water molecules attached to the 5-fold
coordinated Ti sites, while the second layer is composed of
even weaker bound water molecules interacting with bridging
oxygens of the TiO2(100) surface.10
Compared to numerous studies on TiO2, there are only a few
studies on the interaction of water with other rutile transition
metal oxide surfaces. Water adsorption on the RuO2(110)
surface has been studied with high-resolution electron energy
loss spectroscopy (HREELS) and thermal desorption spectroscopy (TDS), which found that the ﬁrst water layer consists of
molecularly adsorbed water on the 5-fold coordinated metal
sites, while the second water layer comprises bounded water
molecules on the bridging oxygen site of the RuO2(110)
surface.2 To the best of our knowledge there is no report on
water adsorption on IrO2(110).
In this contribution, we perform a systematic DFT modeling
study of adsorbed water structures on the stoichiometric defectfree rutile (110) oxide surface of TiO2, RuO2, and IrO2. The
goals are to model the water structures on the oxide surfaces
and to investigate the eﬀect of the water network on the
binding between the individual intermediates relevant for OER
and the oxide surfaces by means of DFT.

The simulations were handled using the ASE package.25
Lattice constants were optimized for the bulk structures for all
of the three considered oxides. The corresponding lattice
constants for TiO2 are a = 4.70 Å and c = 2.95 Å, for RuO2 they
are a = 4.66 Å and c = 3.16 Å, and for IrO2 they are a = 4.61 Å
and c = 3.23 Å. All the surfaces were modeled by a periodically
repeated 2 × 2 unit cell in the x- and y-directions and a four
layer thick slab. The two topmost layers were allowed to relax.
Twenty angstroms of vacuum was used to separate successive
slabs in the direction perpendicular to the surface. The Brillouin
zone was sampled with a 4 × 4 × 1 Monkhorst−Pack k-point
grid. The geometry optimizations were carried out using the
quasi-Newton minimization scheme, and the calculations were
considered converged when the residual forces were smaller
than 0.05 eV/Å. All calculations were performed with a grid
spacing of h = 0.18 Å as a trade-oﬀ between computational
eﬃciency and accuracy.

3. RESULTS AND DISCUSSION
Water adsorption on the defect-free rutile oxide (110) surface
of TiO2, RuO2, and IrO2 is studied. We investigate the coverage
dependence on the adsorption properties of the water
structures starting from the low coverage of 0.5 ML to
coverage of 2.5 ML relative to the 5-fold surface metal atoms in
the 2 × 2 super cell. Numerous diﬀerent adsorbed water
conﬁgurations have been considered. In the following
subsections, we ﬁrst report on the most stable water structures
on the oxide surfaces that we have identiﬁed. Subsequently, we
model adsorption of all OER intermediates in the presence of
the water hydrogen bonded network.
3.1. Water Adsorption on the TiO2(110), RuO2(110),
and IrO2(110) Surfaces. The most stable water conﬁgurations
on the TiO2(110) surface for diﬀerent coverages are shown in
Figure 1. First water molecules (0.5 ML coverage) chemisorb
via oxygen lone pairs to the 5-fold coordinated Ti sites. The
resulting water adsorption energy is −0.44 eV. At 1.0 ML
coverage all the 5-fold Ti sites are covered and the ﬁrst full layer
of water is formed. In fact, the water molecules on the 5-fold
sites form a chain of water. On one hand, they orient
themselves to form hydrogen bonds between each other, and
on the other hand, they point toward the bridging oxygen
atoms. The adsorption energy of the second water molecule,

2. COMPUTATIONAL DETAILS
All electronic structure calculations were performed using the
grid-based projector-augmented wave (GPAW) code.22 The
RPBE exchange-correlation (xc) functional was used for all of
the calculations.23 It is known that the RPBE functional
underestimates the water stability due to the lack of van der
Waals forces. On a Pt(111) surface, the van der Waals forces
have been included to study the interaction between H2O
molecules within a water layer, and between water layers and
the metal surface.22 It has been shown that each water molecule
is stabilized with ∼0.15 eV compared to the results from
standard RPBE-GGA calculations.24 However, previous studies
on water structures on the TiO2(110) surface have shown that
for an appropriately thick slab, all xc functionals essentially give
the same result independent of including van der Waals
forces.10 These results show that the RPBE is reasonable for the
aim of the current study.
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which completes the ﬁrst water chain, is −0.54 eV, i.e., it forms
a stronger bond with the surface originating from the additional
hydrogen binding and the resulting symmetric structure. The
favorable formation of water chain from 0.5 to 1.0 ML is in
agreement with previous reported trend of water chain
formation on TiO2.20 For the 1.5 ML coverage, the additional
water molecule binds with −0.31 eV to the bridging oxygen via
hydrogen bonding, as well as to the water molecules of the ﬁrst
water chain adsorbed on the 5-fold metal site. At 2.0 ML
coverage, the second water layer is complete, forming another
chain of water molecules that interacts with bridging oxygen
atoms. Adsorption of this water molecule leads to reorientation
of the previously adsorbed water molecules (Figure 1). The
adsorption energy (−0.34 eV) is slightly stronger than the
previous one. Further addition of water, i.e., 2.5 ML coverage,
starts the formation of a third water layer. The adsorption
energy and structure of this water molecule are shown in Figure
1. The average adsorption energy for the diﬀerent considered
water coverages varies from −0.41 eV to −0.49 eV, as reported
in Figure 1.
Hence, our ﬁndings show that water adsorbs molecularly on
the defect-free TiO2(110) surface, which is in agreement with
previously reported temperature programmed desorption
(TPD)3 experiments and DFT calculations.15 In addition, our
data clarify that the adsorbed water molecules form diﬀerent
chains of water on the surface, which is in agreement with
reported STM20 and infrared reﬂection-adsorption spectroscopy21 experiments together with DFT20 and ab initio molecular
dynamic10,21 studies.
When it comes to the stoichiometric defect-free RuO2(110)
and IrO2(110) surfaces, we ﬁnd that at low coverages, 0.5 and
1.0 ML, water adsorbs strongly with −0.8 and −1.40 eV on
RuO2 and IrO2, respectively. In fact, at these coverages water
tends to dissociate on RuO2 and IrO2 and hydrogenate the
bridging surface oxygen atoms. Our calculations show that, at
water coverages lower than 1.5 ML on the IrO2(110) surface,
adsorbed water on the CUS site is activated and that it
dissociates spontaneously resulting in an OH group at the CUS
site and a hydroxylated bridging oxygen. At low coverages on
the RuO2(110) surface, the water is less activated than the one
on IrO2(110); however, the dissociation barrier is only 0.13 eV.
This shows that water dissociation is facile on the RuO2(110)
surface at coverages lower than 1.5 ML. Thus, considering the
surfaces as hydroxylated at these coverages is a necessity. At 0.5
and 1.0 ML coverages, water adsorbs weaker and molecularly
on the hydroxylated surfaces of RuO2 and IrO2 (−0.6 and −0.7
eV for RuO2 and IrO2, respectively) as compared to the
unhydroxylated surfaces.
At higher coverages than 1.0 ML, the adsorbed water on
RuO2 and IrO2 surfaces shows similar molecular adsorption
behavior as on the TiO2 surface with formation of three distinct
water chains. Therefore, at higher coverages we only include
the unhydroxylated surfaces.
We ﬁnd that the diﬀerential adsorption energy converges to a
value of −0.3 eV for all three studied oxides. This energy is
signiﬁcantly smaller than the free energy of a water molecule in
bulk (−0.67 eV), i.e., the energy released after bringing one
water molecule from gas phase to liquid phase at room
temperature. There are diﬀerent reported water structures on
metal surfaces26−36 that we would like to compare to our
ﬁndings of adsorbed water on oxide surfaces. The honeycomb
water structure on the Pt(111) surface, for example, is
composed of water molecules that are bound by −0.4 eV,

according to our DFT calculations. Hence, a water molecule in
a bulk water ﬁlm (given by the 2.5 ML results in Figure 2)

Figure 2. Calculated diﬀerential adsorption energies for the most
stable water structures on oxide surface as a function of diﬀerent
adsorbate coverage (deﬁned in Figure 1). The horizontal dasheddotted line indicates the calculated binding energy of one water
molecule in the honeycomb structure. The dashed horizontal line
indicates the free energy of a water molecule in bulk water at room
temperature.

adsorbed on the oxide surfaces is comparable to the one in a
honeycomb structure on Pt(111). In other words, our ﬁndings
show that the adsorbed water on oxide surfaces has a
completely diﬀerent adsorption pattern than the one found
on metal surfaces such as Pt(111);7,26−29 however, the stability
of the adsorbed water ﬁlms are comparable.
3.2. Eﬀects of Adsorbed Water on the Oxygen
Evolution Reaction. The oxygen evolution reaction (OER)
proceeds via a four-electron transfer with three diﬀerent
intermediates, i.e., HO*, O*, and HOO*, as follows:
H 2O(l) + * → HO* + (H+ + e−)
+

(1)

−

HO* → O* + (H + e )

(2)
+

−

O* + H 2O(l) → HOO* + (H + e )
+

−

HOO* → O2 (g) + (H + e ) + *

(3)
(4)

where the asterisk refers to an active site on the catalyst surface.
The electrocatalytic activity is determined by the binding
energies of the reaction intermediates to the electrocatalyst
surface [see ref 37 for a detailed derivation]. In the following,
we study the inﬂuence of adsorbed water on the individual
intermediates of OER and its consequence on the overpotential
of the overall reaction. We only consider the symmetric
adsorbed water structures as a starting point, i.e., 1.0 and 2.0
ML coverages corresponding to complete water chains on all
oxide surfaces under investigation. In all calculations, each of
the OER intermediates is adsorbed on the 5-fold metal site
(resulting in a coverage of 0.5 ML) and is coadsorbed with
diﬀerent amounts of water molecules in the above determined
structures. Figure 3 displays adsorption energies of the OER
intermediates, i.e., HO*, O*, and HOO* as a function of total
coverage, i.e., adsorbate coverage plus water coverage. We ﬁnd
that there are slight diﬀerences in the adsorption energies at
diﬀerent water coverages.
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Figure 3. Calculated free energy for OER intermediates as a function of total coverage, i.e., adsorbate coverage plus water coverage, for the three
studied defect-free oxide surfaces.

ﬁnd that the adsorbed H2O from the second water chain (2.0
ML, Figure 1) is in equilibrium with bulk water. Therefore, we
use the bulk water as reference for the subreaction given by eq
7. This assumes that the water exchange between the weakly
adsorbed H2O and the bulk water is fast, which is plausible
since the energies of these water molecules are similar as
discussed above. Thus, H2O(l) in eqs 7 and 9 is the bulk water.
This approach becomes rational if we include the free energy of
adsorbed water (nH2O*) in the free energy diagram (FED) to
account for the diﬀerent references.
The calculated FEDs for OER on the TiO 2 (110),
RuO2(110), and IrO2(110) surfaces are shown in Figures
4−6, respectively. At U = 0 V, the largest free energy diﬀerence

There are diﬀerent suggested schemes that can be considered
to calculate the adsorption energies of the adsorbed OER
intermediates on the surface in the presence of adsorbed
water.24 A common feature of these schemes is that the same
electron−proton transfer source is used for both the adsorbed
water and for the adsorbed OER intermediates. However, for
surfaces where very diﬀerent adsorbed H2O molecules coexist
as we found on the (110) surfaces of rutile oxides, one should
consider another scheme, given by the following equations:
nH 2O* → HO* + (H+ + e−) + (n − 1)H 2O*

(5)

HO* + (n − 1)H 2O*
→ O* + (H+ + e−) + (n − 1)H 2O*

(6)

O* + (n − 1)H 2O* + H 2O(l)
→ HOO* + (H+ + e−) + (n − 1)H 2O*

(7)

HOO* + (n − 1)H 2O*
→ O2 (g) + (H+ + e−) + (n − 1)H 2O* + *
nH 2O(l) → nH 2O*

(8)
(9)

This scheme involves diﬀerent electron−proton transfer
sources depending on the subreaction. Since the adsorbed
H2O molecules of the ﬁrst chain are strongly bound to the
surface, one can assume that the ﬁrst and second electron−
proton couple will originate from the adsorbed water chain
rather than the bulk water. Hence, in the subreactions given by
eqs 5 and 6, the 1.0 ML adsorbed water on the surface (Figure
1) is used as the reference. For the consecutive electron−
proton transfer (eq 7), which involves formation of HOO*, we

Figure 4. Calculated free energy diagram for OER on the defect-free
TiO2(110) surface covered with 1.0 ML (black) and 2.0 ML (red)
water using the new scheme given by eqs 5−9
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network. For all three oxide surfaces, the potential determining
step changes from formation of HOO*, without adsorbed
water, to formation of O* in the presence of water. This can be
understood in terms of the stability arising due to the
interaction between the coadsorbed OER intermediate and
the water. Let us consider the 1.0 ML H2O coverage as the
starting point. According to the suggested mechanism (eqs
5−9), the next step is removal of one proton from one of the
adsorbed water molecules to form HO* (eq 6). This results in
a very stable layer consisting of equal amounts of HO* and
H2O, which is more strongly interacting than a full water
layer.24 The consecutive step (eq 7) involves removal of one
more proton from this stable layer, which destroys the strong
interactions between HO* and the surrounding water
molecules. Thus, we attribute the change in the potential
determining step to the fact that the step corresponding to the
formation of O* requires destruction of the hydrogen bonding
between HO* and the surrounding water molecules, which
costs a lot of energy.

Figure 5. Same as that in Figure 4 but for the RuO2(110) surface.

4. CONCLUSIONS
In this work, we have systematically studied and identiﬁed the
most stable adsorbed water structures at diﬀerent water
coverages on TiO2(110), RuO2(110), and IrO2(110) rutile
oxide surfaces. We ﬁnd that water forms three well-deﬁned
chains on all three studied oxides. Strongly bound water
molecules form the ﬁrst chain covering all the metal 5-fold sites
(1.0 ML of H2O coverage). The second water chain (2.0 ML of
H2O coverage) consists of signiﬁcantly more loosely bound
water, and already at this coverage the water ﬁlm resembles the
bulk water network. At higher water coverages a third chain of
water is formed. These water ﬁlms do aﬀect the interaction
between each individual OER intermediate and the oxide
surfaces, in such a way that both the potential determining step
changes as well as the overpotential. We have found that the
presence of water only has a minor eﬀect on the OER
overpotential in the case of RuO2(110) and IrO2(110), while it
increases the one for TiO2(110) by ∼0.4 V. This implies that
the OER activity trend is preserved in the presence of a water
network.

Figure 6. Same as that in Figure 4 but for the IrO2(110) surface.

between subsequent reaction steps determines the overpotential for the whole OER reaction.38 For all three surfaces
at both considered coverages (1.0 and 2.0 ML), we ﬁnd that
formation of O* (eq 6) is the potential determining step. In
addition, the overpotentials at diﬀerent water coverages are
found to be very similar for each individual oxide. This indicates
that, even as low as one water chain, coverage should be
enough to capture the electrostatic contributions from the
water.
For the TiO2(110) surface the overpotentials are found to be
1.57 and 1.61 V at water coverages of 1.0 and 2.0 ML,
respectively (Figure 4). Comparing these results with
previously reported DFT calculations (1.19 V)37 on TiO2
shows that the OER overpotential increases by ∼0.4 V in the
presence of coadsorbed water. For the RuO2(110) surface the
overpotentials are found to be 0.47 and 0.43 V at coverages of
1.0 and 2.0 ML, respectively. This is an increase of 0.1 V
compared to previously reported overpotentials obtained for
models without coadsorbed water (0.37 V).37,38 Finally, for the
IrO2(110) surface, 0.55 and 0.49 V overpotentials are calculated
at coverages of 1.0 and 2.0 ML, respectively. These overpotentials are on the same order as previously reported
overpotential values, i.e., 0.56 V for IrO2, in the absence of
water.37,39
We ﬁnd that the theoretical OER overpotentials, based on a
model that explicitly includes the water network, follows the
trend TiO2 > IrO2 > RuO2. It should be stressed that this is the
same order as the one found in the absence of the water
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