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Metal oxides are promising (photo)electrocatalysts for sustainable energy technologies due to their good

activity and abundant resources. Their applications such as photocatalytic water splitting predominantly

involve aqueous interfaces under electrochemical conditions, but in situ probing oxide–water interfaces

is proven to be extremely challenging. Here, we present an electrochemical scanning tunneling

microscopy (EC-STM) study on the rutile TiO2(110)–water interface, and by tuning surface redox

chemistry with careful potential control we are able to obtain high quality images of interfacial structures

with atomic details. It is interesting to find that the interfacial water exhibits an unexpected double-row

pattern that has never been observed. This finding is confirmed by performing a large scale simulation of

a stepped interface model enabled by machine learning accelerated molecular dynamics (MLMD) with ab

initio accuracy. Furthermore, we show that this pattern is induced by the steps present on the surface,

which can propagate across the terraces through interfacial hydrogen bonds. Our work demonstrates

that by combining EC-STM and MLMD we can obtain new atomic details of interfacial structures that are

valuable to understand the activity of oxides under realistic conditions.
Earth-abundant metal oxides are among the most promising
(photo)electrocatalysts in a wide range of environmental and
energy applications owing to their excellent activity, low costs
and high stability under reactive conditions.1–4 Since the vast
majority of these reactions operate in solution, understanding
oxide–water interfaces at the atomic level is a prerequisite for
elucidating fundamental mechanisms and rationally optimis-
ing catalytic performances.5 Thus, tremendous efforts, both
experimentally and computationally, have been devoted to
revealing the microscopic details of the interfaces. For example,
X-ray absorption,6 Raman7 and sum frequency generation
spectroscopies8,9 have been developed to in situ probe the
interfaces, and can provide valuable interfacial information,
oen helped by density functional theory (DFT) calculation for
interpreting spectra.10,11

Among those techniques, scanning tunneling microscopy
(STM) has a prominent position and can directly offer images of
atomic structures of the surfaces. The combination of STM and
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DFT has been the workhorse for development of oxide surface
science in ultrahigh vacuum (UHV), most notably on the all-
important model system TiO2.12–17 Somewhat in parallel, elec-
trochemical STM (EC-STM) has been developed by the electro-
chemistry community for probing interfacial structures on
metal electrodes.18–22 However, it is very challenging to operate
EC-STM on oxides, due to various difficulties such as low elec-
trical conductivity, preparation of clean, atomically at surfaces
and potential control of imaging conditions. As a result, EC-
STM studies on oxides are rare, and limited information can
be extracted.23–25

Here, we present a combined EC-STM and machine learning
accelerated molecular dynamics (MLMD) study on the single
crystal rutile TiO2(110) surface under electrochemical condi-
tions (Fig. 1). Fine-tuning the electrode potential condition of
the oxide substrate enables us to play with the surface redox
chemistry, leading to high quality STM images with atomic
details of interfacial structures. We discover that the TiO2(110)
surface under electrochemical conditions exhibits an unex-
pected double-row pattern, which has not been observed under
UHV and low vapor pressure conditions. We then utilize MLMD
that affords long time scale simulations26–28 of large interface
models with ab initio accuracy (Fig. 1(c)), to reveal that this
special pattern can be assigned to the adsorbed water at the ve-
coordinated Ti (Ti5c) trough that shows a universal shi away
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic illustration of the EC-STM cell. The four-elec-
trode setup consists of a working oxide substrate (WE1), STM tip (WE2),
counter electrode (CE) and quasi-reference electrode (RE). (b) AFM
image of the rutile TiO2 (110) surface with a size of 1 × 1 mm2. The
measured step height is 3.2 ± 0.5 Å. (c) Schematic illustration of the
MLMD simulation of the rutile TiO2(110)–water interface with a [11�1]
step, where Ti, O and H atoms are coloured in grey, red and white,
respectively. The high computational costs of DFT calculation limit ab
initiomolecular dynamics (AIMD) to simulate models of ∼102 atoms at
a time scale of∼10 ps. When trainedwith a deep neural network (DNN)
on a relative small set of data generated from DFT, energies and forces
can be predicted by machine learning potentials (MLP) from structural
descriptors with ab initio accuracy. The difference between the
machine learned potential energy surface (ML-PES) and DFT-PES is
negligible. Due to the high efficiency, MLMD enables much longer
simulations of larger models at lower costs.

Fig. 2 (a) Cyclic voltammogram of the rutile TiO2(110) electrode in 0.1
M HClO4 at a scan rate of 1 V s−1. (b) Level diagram at the TiO2 water
interface in the EC-STM configuration. The light red and orange
regions indicate the reduction potential of surface TiIV/TiIII states (U°)
and the vertical ionization potential of the corresponding reduced TiIII

state (IPR), respectively. The red and orange range solid bars show the
potential ranges of the oxide sample and the STM tip adjusted to give
high quality images. (c) Large area (150 × 150 nm2) of the EC-STM
image of the rutile TiO2(110) in 0.1 M HClO4. EC-STM parameters are
Esample = −0.38 V vs. SCE, Etip = 1.27 V vs. SCE, and Itunnel = 1 nA,
respectively. (d) Magnified area (10× 10 nm2) with atomic resolution of
the white dashed square in (c). The inset shows a further magnified
area of 3 × 5 nm2. (e) Top view of the atomistic model of the rutile
TiO2(110) surface with a [1�11] step. (f) Atomistic structure of the [11�1]
step. Ti and O atoms are coloured in grey and red, respectively.
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from the centre to the row of bridging oxygen. What is
surprising is that this asymmetric structure results from the
biased water congurations at the [1�11] steps present at the
edges of terraces of width of hundreds of nanometers on the
single crystal TiO2(110) surface. Our work demonstrates that
distinct from that in a vacuum, the interfacial water structure
on TiO2(110) is subjected to a long range effect due to the
symmetry breaking boundary of step edges, which are expected
to be widely applicable to nanostructures with nite facets in
realistic environments.

The rutile TiO2(110) surface was prepared by HF etching,
followed by annealing at 950 °C in oxygen ow. This treatment29

can give a very high-quality, atomically at surface with a terrace
width of ∼200 nm and an atomic step height of 3.2 ± 0.5 Å, as
shown by the atomic force microscopy (AFM) image (see
Fig. 1(b) and also Fig. S1 in the ESI†). We rst investigated the
electrochemistry of the rutile TiO2(110) in 0.1 M HClO4 using
cyclic voltammetry (CV). As shown in Fig. 2(a), a pair of redox
peaks at around −0.25 V vs. Saturated Calomel Electrode (SCE)
are clearly observed, which can be assigned to the surface redox
process (TiIVO2 + e− 4 TiIIIO2).30 Note that these peaks are
detected at a faster scan rate of 1 V s−1 and disappear at a lower
scan rate of 0.02 V s−1 because the peak current is proportional
to the scan rate and becomes too small at a low scan rate to be
© 2024 The Author(s). Published by the Royal Society of Chemistry
distinguished.31 The EC-STMmeasurements were carried out in
a four-electrode cell setup consisting of a working oxide
substrate (WE1), STM tip (WE2), counter electrode (CE) and
quasi-reference electrode (RE). Unlike STM operation under
UHV conditions, EC-STM images are obtained by controlling
the potential of the oxide substrate and STM tip independently
(see Fig. 1(a)). Interestingly, we nd that high resolution STM
images of the TiO2 surface can be obtained when the substrate
potential is tuned to −0.38 to −0.18 V vs. SCE, and at the same
time the tip potential is maintained in the range of 0.27–1.32 V
vs. SCE, as illustrated in Fig. 2(b)–(d).

Before interpreting the STM images, it would be informative
to rst answer two important questions; (i) why do the two
potentials have to be tuned to these values? And (ii) why do they
have to be set simultaneously? It is worth noting that the tuned
substrate potential exactly overlaps with the reduction peak of
Chem. Sci., 2024, 15, 12264–12269 | 12265

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01952k


Fig. 3 (a) Illustration of the horizontal distances between adsorbed
water and the neighboring bridgingO atoms. Time evolution of the O–
O distances in the step-free rutile TiO2(110) model (b) and that with
a [1�11] step (c) from 20 ns MLMD trajectories. Ti, O and H atoms are
coloured in grey, red and white, respectively.
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CV in Fig. 2(a), indicating that the TiO2 surface just undergoes
reduction to form surface TiIII. On the other hand, it is well
known that on defective TiO2 a band-gap state can be observed
in X-ray photoelectron spectroscopy (XPS) around 0.9 eV below
the conduction bandminimum (CBM), which is associated with
an excess electron occupying the Ti 3d state.32,33 By employing
an accurate hybrid density functional, Cheng and co-workers34

calculated a number of reduced TiIII states near the TiO2

surface, and found that the redox levels of these states are near
or just below the CBM while the corresponding vertical ioniza-
tion potentials are about 0.6–1.5 eV below the CBM. Putting all
these levels together, we draw a level diagram as shown in
Fig. 2(b), and note that the band positions are adjusted to the
pH = 1 condition according to the Nernstian relation. The two
questions above can now be resolved as follows. Scanning the
substrate potential to more negative than the reduction peak of
the TiO2 surface around −0.25 V vs. SCE, the surface will be
reduced to form band-gap states associated with Ti 3d states.
These reduced, in-gap states, lying in about 1 eV range centered
around 1 eV below the CBM (i.e. 0.3–1.3 V vs. SCE), can then
resonate with the STM tip adjusted to the same potential so that
high resolution STM images can be collected. It should be noted
that if the substrate potential is too negative, i.e. < −0.38 V vs.
SCE, the hydrogen evolution current becomes too large to
obtain stable STM images (see Fig. S3†).

Fig. 2(d) shows a high resolution STM image of the aqueous
rutile TiO2(110), as taken and magnied from the white dashed
square on the terrace in Fig. 2(c). Considering the dynamic
electrochemical environment at ambient temperature, the
image quality is excellent and adequate for analyzing the
interfacial structure. Under the imaging conditions mentioned
above, the STM image obtained corresponds to the occupied in-
gap states, suggesting that the bright rows represent the density
of the excess electrons at reduced surface Ti sites along the [001]
direction. As shown by the magnied area in the inset of
Fig. 2(d), the zig-zag pattern from the underlying terminal and
bridge Ti sites in the adjacent rows (Fig. 2(e)) is also visible.
Similar STM images were observed on defective TiO2 under
UHV conditions.35–37 There is however a noticeable difference in
the STM pattern between the two conditions; the bright rows are
evenly spaced in UHV, while under electrochemical conditions
a doubly alternating pattern of the bright rows can be clearly
identied, which was not recognizable in previous STM studies
on the aqueous TiO2 surface.24,25 It should be stressed that this
double-row pattern has excellent reproducibility, andmore high
resolution STM images with the same double-row spacing ob-
tained by different tips from different experiments are illus-
trated in Fig. S4.† The good repeatability of the double-row
spacing can effectively eliminate the possibility that the
double-row pattern may be caused by the double tip,38 because
the spacing of the double row caused by the double tip would
change with the spacing of the double tip in different experi-
ments. It is also worth mentioning that this pattern is distinctly
different from the double-stranded structure of (1 × 2) on
TiO2(110) observed in UHV-STM, which has been ascribed to the
Ti2O3 added row.39,40 The distance between two vicinal double-
rows, i.e. two solid white lines in Fig. 2(d), is calibrated
12266 | Chem. Sci., 2024, 15, 12264–12269
to be 6.60 ± 0.30 Å, which is further conrmed by the fast
Fourier transform (FFT) in Fig. S14.† This value is very close to
the lattice constant, 6.50 Å, of the rutile TiO2(110) surface along
the [1�10] direction, and is much less than the spacing of double
strands of the Ti2O3 added row (about 13 Å).39,40 Intriguingly, the
distance between two adjacent bright rows (i.e. solid and
dashed white lines) within a repeating unit is only 3.08 Å,
which is considerably shorter than half of the lattice constant
of 3.25 Å.

It is unlikely that the alternating double-row pattern reects
the actual distortion of the underlying lattice of TiO2, and thus
we tentatively hypothesize that it results from the interfacial
water interacting with the oxide surface. However, it is still
puzzling why neither has a similar pattern been observed on
rutile TiO2(110) in a vacuum or at low water vapor pressures by
STM experiments,41–43 nor by ab initio molecular dynamics
(AIMD) calculation of the TiO2 water interface.44–46 To resolve
this puzzle, we train amachine learning potential (MLP) with an
iterative concurrent learning protocol47 for describing the TiO2

water interface with ab initio accuracy, and the training proce-
dure and validation of the MLP can be found in the ESI.† The
commonly used model of rutile TiO2(110) was rst simulated
with MLMD, and owing to the efficiency of MLP, we can readily
afford a signicantly longer time scale of tens of ns, in contrast
to tens of ps for AIMD. The nding is however the same; we do
not see systematically biased congurations of surface water
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic illustration of water structures at the [1�11] step on
rutile TiO2(110): (a) lower terrace and (b) upper terrace. (c) Illustration
of distortion of the octahedral coordination for adsorbed terminal
water along [1�10]. Ti, O and H atoms are coloured in grey, red and
white, respectively.
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adsorbed at the terminal Ti sites. As illustrated in Fig. 3(b), the
horizontal distances between the adsorbed water and the
bridging O atoms on the le (d(l)) and right (d(r)) are indeed the
same, i.e. d(l) = d(r) = 3.25 Å, from the MLMD trajectory.

Considering that a large single crystal surface oen contains
some steps separating narrow terraces (see Fig. 1(b)), we spec-
ulate that the symmetry breaking steps might play a role in
forming the asymmetric double-row pattern. We thus build
a large rutile TiO2(110) surface model with an atomic [1�11] step
separating terraces with 8 terminal Ti sites in a row (see Fig. 1(c)
and 2(e), (f)) according to previous studies.38,48 By comparing
atomic resolved STM images between 0.1 mol L−1 (Fig. 2(d)) and
0.01 mol L−1 HClO4 (Fig. S17†), we found that the concentration
of protons and ClO−

4 did not affect the double-row pattern
observed. Therefore, the electrolyte used in the MLMD simu-
lation contains only water molecules. Including water mole-
cules, the interface model with a step consists of ∼2000 atoms,
about 10 times larger than the commonly used step-free model
affordable to AIMD calculation. Somewhat unexpectedly,
shortly aer starting the MLMD run of the step model with
unbiased congurations of surface water, all the adsorbed water
molecules spontaneously shi away from the center to one side,
and the horizontal distances to the le bridge oxygen and right
become signicantly different, d(l) = 3.35 Å and d(r) = 3.14 Å in
Fig. 3(c). To further validate the long range effect of the atomic
step, we double the terrace width to about 5 nm with 16
terminal Ti sites, and this signicantly larger model gives the
same asymmetric structure of surface water (see more details in
ESI†). To remove the effect of uncertainty in distance calibration
in STM, we measure the ratio between the spacing of the two
nearest rows in a double-row unit and the lattice of the
repeating double-row pattern to be 0.47, which is essentially the
same as that from MLMD calculation. This quantitative agree-
ment is remarkable; not only does the MLMD calculation
correctly represent the interfacial structure of the stepped
surface, but also the combination of experiment and theory
strongly supports that the presence of the [1�11] steps on
TiO2(110) causes the universal side shi of surface water.

The question then to be answered is why steps can shi
adsorbed water on terraces. Carefully examining the water
structure on the stepped surface from the MLMD trajectory, we
notice that two terminal water molecules at the two ends of the
Ti5c trough may play a key role in shiing the whole row of
surface water: one is located at the lower terrace of the step edge
(“watA” in Fig. 4(a)) and the other at the upper terrace (“watB” in
Fig. 4(b)). Near watA, there is a water adsorbed at the Ti4c site of
the step edge (“watC” in Fig. 4(a)) forming strong hydrogen
bonds (shorter distances than that in bulk water) with the step
O2c and the Obr at the lower terrace, as illustrated in Fig. 4(a).
The position of watC casts steric repulsion to watA, “pushing” it
from the top site of octahedral coordination to the right along
the [11�0] direction (Fig. 4(c)). Also, watB can form a strong
hydrogen bond with the bridge water at the step edge (“watD” in
Fig. 4(b)), thus being “pulled” to the right. Thus, the “push and
pull” effect of the two edge terminal water triggers the side shi
of the whole water row. Furthermore, this effect needs to be
long-ranged as only a small fraction of steps are present on the
© 2024 The Author(s). Published by the Royal Society of Chemistry
surface. It can be proposed that the hydrogen bond network
formed within the terminal water row propagates the shiing
effect across the whole terraces. We have performed the
machine learning molecular dynamics of TiO2–vacuum inter-
faces with one layer of water adsorbed on the TiO2 surface. As
shown in Fig. S10,† this model also exhibits the same shiing
behavior of adsorbed water as in the bulk water model, which
means that the long-ranged effect would cross the H-bond
network between the ordered adsorbed water on the TiO2

surface. Furthermore, to validate the contribution of the H-
bond network, 3 water molecules adsorbed on the initial and
terminal Ti5c sites are removed from each trough to break the H-
bond network between the water adsorbed at the step edge and
terrace. As shown in Fig. S11,† the asymmetric distances of
adsorbed water molecules are absent with the broken H-bond
network, which can prove that the shi of adsorbed water is
induced by step defects and propagates through the H-bond
network between adsorbed water. In addition, since this
continuous H-bond network is absent under UHV and low water
vapor pressure conditions, it can be understood why the step-
induced double-row pattern has not been observed in experi-
ments carried out under these ideal conditions.

To summarize, by combining EC-STM and MLMD, we show
that the interfacial water on rutile TiO2(110) exhibits a doubly
alternating pattern due to the presence of a small fraction of
steps on the surface. This long range effect results from inter-
facial hydrogen bonds in aqueous environments, and is missing
in previous studies in a vacuum and at low water vapor pres-
sures. Thus, our nding offers a new perspective on the long-
ranged H-bond network on the aqueous TiO2 interface, whose
tilt characteristics are different from the reported interfacial
structure.49 Furthermore, the geometry and strength of the H-
bond are essential for proton-coupled electron transfer (PCET)
mechanisms.50,51 This strong H-bond network could accelerate
charge transfer events for an efficient PCET process,52–54 which
may have important implications for understanding catalysis in
realistic environments. We also show that by ne-tuning the
potential of the sample and STM tip, high resolution images of
interfacial structures of oxides can be obtained under electro-
chemical conditions through surface redox chemistry. There-
fore, our work opens up new opportunities for elucidating the
atomic structures of oxide–water interfaces with STM and
MLMD, and we expect that such a surface redox mediated STM
Chem. Sci., 2024, 15, 12264–12269 | 12267
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imaging mechanism could be developed for applications to
interfaces under realistic conditions in a wider context.
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