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ABSTRACT: Photocatalysis of a single methanol molecule on the TiO2(110) surface was investigated using a high-resolution
scanning tunneling microscopy (STM) technique. Three different types of elementary methanol photocatalytic processes,
methanol photodissociation, photoinduced migration of formaldehyde, and formaldehyde photodesorption, were clearly
observed. Detailed chemical structures of the intermediates were obtained through careful comparisons between experimental
STM images and theoretical simulations based on density functional theory (DFT) calculations. This work demonstrates that
elementary photocatalytic processes of a single methanol molecule on the surface can be followed step by step using advanced
STM imaging techniques. Such a study can provide unprecedented insights into the surface photocatalytic processes and will
greatly help us to understand photocatalysis at the most fundamental level.

■ INTRODUCTION

Since water splitting was first demonstrated in a photo-
electrochemical cell in the early 1970s,1 photocatalysis on TiO2
has received extensive and increasing attention because of its
potential applications in clean hydrogen production.2−6 Despite
enormous progress made in this area, a fundamental under-
standing of heterogeneous photocatalysis is still lacking. It is
known that TiO2 alone was found not very active for water
splitting to produce hydrogen, whereas adding methanol would
dramatically enhance hydrogen production.7 In order to
apprehend the role of methanol in the photocatalysis of
water on TiO2, it is essential to investigate methanol
photocatalysis on TiO2 at the atomic and molecular level.
This will help us to understand the underlying mechanism of
why TiO2 is inactive for water splitting and why methanol can
enhance hydrogen production.
Methanol photocatalysis has been studied on TiO2 single

crystalline surfaces as well as on supported nanoparticles using
various spectroscopic techniques.8−15 It was generally believed
that under the UV-light irradiation methanol dehydrogenates
sequentially to formaldehyde, which could desorb or go
through further cross coupling with another methoxy radical
to form methyl formate. Even though these studies have
provided valuable insights into the methanol photocatalysis
mechanism, the detailed picture of how a single methanol

molecule on TiO2 evolves into the final products under light
irradiation remains unclear.
Scanning tunneling microscope (STM) studies with

submolecular resolution can provide detailed structural
information on reaction intermediates on surfaces.16−20 The
STM technique with submolecular resolution coupled with
light irradiation is also expected to be a good approach to
directly image molecular photocatalysis. The TiO2(110) surface
has been studied in great detail using the STM technique.21−30

The clear STM image of the surface structure provides a solid
foundation for us to investigate single methanol molecule
photocatalysis on the TiO2(110) surface. However, to directly
image the molecular photocatalysis step by step is still a big
challenge. This requires us to follow a single molecule on the
surface going through different elementary chemical and
physical processes in the photocatalytic process using the
sophisticated STM technique. Such a study is greatly needed
for understanding the surface photocatalysis process at the
most fundamental level.
In this work, we present for the first time a real-space

imaging of a complete photocatalytic process for a single
methanol molecule on the rutile TiO2(110) surface, under the
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UV-light radiation by direct high-resolution STM imaging.
Density functional theory (DFT) simulation was carried out to
understand these STM images and to obtain structural
information on the intermediates. Elementary reaction steps
from methanol adsorption, photocatalytic dissociation, diffu-
sion, and desorption of the key intermediate and the final
product left on the surface are mapped out in great details. The
structures of key intermediates and product were also resolved
with a submolecular resolution using molecular orbital STM
imaging. Direct visualization of the entire process of methanol
photocatalysis on TiO2 provides us a detailed picture of
molecular photocatalysis that has never been achieved before.

■ RESULTS AND DISCUSSION
First, we prepared a clean and ordered TiO2(110) surface
sample using many cycles of argon ion bombardment and
annealing. The STM image was taken using a low-temperature
STM machine for the bare clean TiO2(110) surface at 80 K
with a positive bias voltage (Figure 1a). The bright rows in the

STM image are due to the in-plane 5-fold coordinated Ti (5f-
Ti) atom rows, and the dark rows are from the bridge-bonded
oxygen (BBO) ridges. The spots connecting the 5f-Ti rows are
the oxygen vacancies on the BBO ridges. The surface studied
here has a BBO vacancy concentration of 4%, as one can
measure directly from the STM image. In the photocatalysis
study here, the clean TiO2(110) surface was dosed with 0.03
ML of methanol. The STM image (Figure S1 in Supporting

Information) of the methanol-dosed TiO2(110) surface shows
many bright round spots on the surface located exclusively at
the 5f-Ti sites (Figure 1b). These bright spots can be clearly
assigned to single methanol molecules adsorbed molecularly at
the 5f-Ti sites.
The methanol-dosed TiO2(110) surface was then irradiated

for 10 min with 20 mW of 355 nm light. Considerable changes
of STM images of the adsorbed methanol molecules have been
detected over the entire irradiated surface area (Figure S1). By
examining a large surface area and following more than 600
individual methanol molecules, we found that the round spots
(methanol molecules on TiO2) in the STM image were
changed to three different image structures after the surface was
irradiated. The changed images are shown in Figure 1c (see
more details in SI part 3). The three typical types of images are
labeled by I, II, and III in marked ellipse, circle, and rectangle
areas, respectively. For the type I image, the original small
round spot image of the adsorbed methanol is expanded in
both [1−10] and [001] directions and became a larger and
rhombohedral spot, while for the type II image, three clear
features in the image could be well resolved: one brighter spot
appearing at the neighboring 5f-Ti site from the site of the
originally adsorbed methanol molecule and the two bright spots
on the two adjacent BBO rows. The third type of image is a
pair of bright spots at the two adjacent BBO rows centering at
the initial methanol adsorbed 5f-Ti site. Compared with the
BBO vacancies, the two spots are brighter and larger. We
attributed these two spots in the image III to two bridging
hydroxyls (OHBBO) on TiO2(110). This assignment was
confirmed using the STM technique developed previ-
ously,24,26,31 in which the H atom on the BBO site can be
removed selectively if one applies a high bias voltage (>2 V) on
the STM tip.26,32 The three different types of images observed
are actually different states in the methanol photocatalysis on
TiO2(110).
To understand how a single methanol molecule on

TiO2(110) evolves into different chemical states under UV
light irradiation, we have performed a series of photocatalysis
experiments to try to follow the evolution of the STM image of
a single methanol molecule on TiO2(110) with three
consecutive light irradiation periods. After each irradiation
period, a STM scan was taken to trace the image change of the
methanol molecule adsorbed on TiO2(110). Before irradiation,
the methanol molecule is molecularly adsorbed at the 5f-Ti site
(for reference, the surface lattice grid is indicated in Figure 2),
exhibiting a small round spot in the STM image (similar to
Figure 1b). After the first 10 min of UV light irradiation (20
mW), the STM image of the same methanol molecule becomes
considerably expanded, and the resulting rhombohedra image is

Figure 1. STM images of the photochemical process of methanol on
TiO2(110) at 80 K. (a) Imaging of bare TiO2(110)-1 × 1 surface (size
of 11.5 × 6.8 nm2, acquired at bias of +1.25 V and set point current of
100 pA). (b) Surface with low exposure of methanol appeared as a
small round spot image. (c) Surface with the adsorbed methanol
molecules after 355 nm laser irradiation and then three different types
of images observed: I, II, and III, marked by ellipse, circle, and
rectangle, respectively.

Figure 2. Evolution of the photochemical single-molecule process of
the adsorbed methanol on TiO2(110) under multiple irradiation
periods at the surface temperature 80 K. The photochemical process
from adsorbed methanol (labeled as 0) toward the structural motif I,
II, and III sequentially (size of 1.4 × 1.4 nm2, acquired at bias of +1.25
V and set point current of 100 pA).
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nearly identical with the image I shown in Figure 1c. The
expanded STM image of the methanol molecule after light
irradiation indicates that the photocatalytic reaction for the
adsorbed methanol occurred. This process is the initial
photocatalytic methanol dissociation (0 → I). We then expose
this dissociated methanol molecule (image I) to another 10 min
of UV irradiation using higher photon flux (50 mW). The STM
image was changed again, with the middle brighter spot
seemingly moved to the adjacent 5f-Ti site from the originally
methanol-adsorbed site and two bright spots left on the
adjacent BBO rows. The resulting image resembles very much
image II shown in Figure 1c. We assign this process to the
photoinduced chemical state change from I to II. The structure
with the image II was then irradiated with 200 mW 355 nm
light for 30 min. The brighter spot in the image II at the 5f-Ti
site then disappeared, while the two spots at the adjacent BBO
rows remained, similar to the image III observed in Figure 1c.
We assign this process to the photochemical process II → III.
The STM experiment also shows that the structure III (two
hydrogen atoms on BBO sites) cannot be changed under
further UV light irradiation, suggesting that this is the final of
the methanol photocatalysis on TiO2(110) under UV light
irradiation. From these serial multiple irradiation experiments
for a single methanol molecule on TiO2(110), we can now be
sure that the methanol molecule experienced three consecutive
photochemical processes on TiO2: 0 → I, I → II, and II → III,
as shown clearly in Figure 2. This experiment demonstrates that
a complete photocatalytic process for a single methanol
molecule on the TiO2(110) surface can be directly visualized
using the STM technique that couples with laser light
irradiation.
In these multi-irradiation experiments, in addition to the

serial photochemical processes (0 → I → II → III) described
above (Figure 2), we have also observed direct image change
from 0 to II (0 → II), from 0 to III (0 → III), and from I to III
(I → III) in one period of light irradiation. These direct image
changes are most likely because the adsorbed methanol

molecule experienced two or three elementary steps of
photochemical processes in one period of UV light irradiation.
This is obviously possible due to the surface heterogeneity. The
reversed individual photochemical processes, such as III → II,
III → I, III → 0, II → I, II → 0, and I → 0, were not observed
in the present experiment. The surface photocatalytic processes
for the low coverage methanol on TiO2(110) at low
temperature are therefore irreversible.
To reveal the exact chemical states of the different images

observed, it is worthy to mention that previous studies have
shown that methanol on TiO2(110) can be photocatalytically
dissociated in two hydrogen atoms on the BBO rows and a
formaldehyde molecule on 5f-Ti based on temperature-
programmed desorption (TPD), two-photon photoemission
studies, and DFT calculations.11,12 The formaldehyde molecule
can be desorbed by surface heating or photon, with two H
atoms left on the BBO sites eventually. These results provide
valuable information on the chemical identities of the STM
images observed in the above single methanol molecule
photocatalysis on TiO2(110).
We now use DFT calculations and STM simulations (see

more detailed descriptions in part 2 of SI) to uncover the
chemical identities and the exact structures of the methanol
photocatalysis intermediates observed above. We start with the
simulation of the STM image (image 0) of the molecularly
adsorbed methanol via the O-end at the 5f-Ti top. The
simulated STM image (Figure 3a1) for the optimized structure
in the DFT calculation appears to be a bright round spot, which
agrees very well with the experimental images of the adsorbed
methanol in Figure 3a2 (also in Figures 1 and 2) before light
irradiation. The bright image comes mainly from the geometri-
cally high-lying CH3 group in methanol (Figure 3a3).
Figure 3b1 is the simulated STM image for the OH pair

located at the adjacent BBO rows (Figure 3b3), whereas the
experimental image for the observed structure of the image III
is given in Figure 3b2. The agreement between the measured
and simulated STM images is excellent (more in Figure S2 for

Figure 3. Theoretical (top panel) and experimental (middle panel) STM images for the reactant and important intermediates involved in the
photochemical process of methanol on TiO2(110): the adsorbed methanol at 5f-Ti site (a), the OH pair on the neighboring BBO rows (b), isolated
formaldehyde (c), formaldehyde at the 5f-Ti site with two OHbr at two opposite sides (d), and formaldehyde displacing to the next 5f-Ti site (e)
(size of 1.5 × 1.5 nm2, acquired at a bias of +1.25 V and set point current of 100 pA). The bottom panel shows the schematic structure models for
different chemical adsorption states. For simplification, only the TiO2(110) surface frame is indicated; the white, gray, and red balls represent
hydrogen, carbon, and oxygen atoms, respectively.
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single OH). This confirms the experimental assignment of the
image III to the OH pair on the neighboring BBO sites. It is
interesting to point out that the two dissociated H atoms
dissociated from methanol were always found on the two
neighboring BBO rows of the initially methanol adsorption site
(Figures S3 and S4). This clearly indicates that the two
hydrogen atoms dissociated from methanol always go separate
ways to the neighboring BBO rows and never go to the same
BBO row. This means that if the hydroxyl hydrogen in
methanol dissociates to one BBO row the methyl hydrogen in
methanol would always dissociate to the other neighboring
BBO row.
Since image III is the final product state left on the surface

after 355 nm light irradiation, the assignment to the OH pair
implies that HCHO is the only final dehydrogenated product
from methanol photocatalysis. Further dehydrogenation, for
instance to HCO, can then be excluded. Formation of the OH
pairs located exclusively at the two adjacent BBO rows with
mass center at the centered 5f-Ti site also implies that the
photoinduced dehydrogenation of CH3OH toward HCHO
takes place at the same 5f-Ti site with two hydrogen atoms
dissociating to the two neighboring BBO sites. The
dehydrogenated product, formaldehyde, therefore must be on
the originally methanol adsorption 5f-Ti site.
Now we look at image I, which is the first intermediate

photocatalysis product on the surface after UV light irradiation.
One can see that the originally small round STM image (Figure
3a2) of the methanol molecule adsorbed on the 5f-Ti site is
stretched considerably after UV light irradiation, forming a
larger and rhombohedral spot (Figure 3d2). A cross cut of the
STM image I shows the STM height on the two neighboring
BBO sites is similar, implying that two hydrogen atoms in
methanol are likely dissociated to the neighboring BBO sites
(see Figure S5 in SI). This means that the image might be
composed of a formaldehyde molecule adsorbed on the 5f-Ti
site and two hydrogen atoms on the adjacent Obr sites. In order
to make the simulation for the STM image more reliable, we
have carried out DFT calculations on the adsorption of an
isolated HCHO on the 5f-Ti site of TiO2(110). The calculated
result shows that the formaldehyde molecule prefers to sit at
the 5f-Ti site with the oxygen end adsorbed to the 5f-Ti site. Its
planar structure remains intact and is perpendicular to the
surface. The molecular plane is, however, rotated away from the
[100] direction (Figure 3c3). The corresponding STM
simulation (Figure 3c1) shows an elongated and asymmetrical
dumbbell shape. Interestingly, the elongation axis is perpen-
dicular to the molecular plane of HCHO, and the two end
spots of the dumbbell shape image are separated at the two
sides of the HCHO plane. We then measured the STM image
of the formaldehyde molecule on the clean TiO2(110) at 80 K,
and the STM image is given in Figure 3c2 (see more in Figure
S6). The experimental and simulated STM images of
formaldehyde are in very good agreement, suggesting that the
calculated structure of the formaldehyde adsorption on
TiO2(110) is correct.
After successful simulation of the STM image of the single

formaldehyde on TiO2(110), we now move to simulate the
STM image I. First, we carried out DFT calculations on the
dehydrogenated state of methanol on TiO2(110), with a
formaldehyde molecule on 5f-Ti and two hydrogen atoms on
the two adjacent BBO sites, and the optimized structure is
shown in Figure 3d3. In comparison with the simulated small
round spot STM image for the adsorbed methanol molecule

(Figure 3a1), the simulated STM image I (Figure 3d1)
becomes significantly larger. The simulated STM image I agrees
quite well with the observed STM image I, suggesting that the
observed dissociated state of methanol is that two hydrogen
atoms dissociated from methanol to the BBO sites with a
formaldehyde molecule left on the original 5f-Ti site. It is
interesting to point out that the molecular plane of dissociated
formaldehyde is along the [100] direction, which is different
from the structure of the single formaldehyde molecule
adsorbed on TiO2(110) that is tilted away from the [100]
direction.
In the STM image II, the middle bright spot in the image I

moved away from the original methanol adsorption site to the
adjacent 5f-Ti site after UV light irradiation. According to the
above simulation, one can see that this is due to photoinduced
migration of the formaldehyde product to the next 5f-Ti site.
DFT calculations were then performed on this formaldehyde
migrated state, and the calculated structure is shown in Figure
3e3. Interestingly, the formaldehyde adsorption structure away
from the original adsorption site is similar to the free
formaldehyde adsorption structure, with its molecular plane
rotated away from the [001] direction. The calculated STM
image (Figure 3e1) agrees very well with the experimental
image II (Figure 3e2), with the rotated dumbbell shape due to
the adsorbed formaldehyde molecule.
The distinct dumbbell STM feature observed for the

HCHO/TiO2(110) originated from HCHO’s LUMO 2π*
antibonding states. Figure 4a is the corresponding projected
density of states. In the wide energy window of the conduction
band responsible for STM measurement and simulation, there
is a considerable HCHO 2π* orbital, though Ti 3d orbitals are
dominant. To see their contribution to the tunneling current,

Figure 4. Electronic properties of HCHO on TiO2(110). (a)
Projected density of states for HCHO* and coordinated 5f-Ti. The
frontier states of HCHO* are labeled as HCHO in the gas phase, and
2π* is centered at 1.50 eV above the Fermi level. (b) and (c) Side and
top views of the electronic density integrated at the energy window of
1.50 ± 0.1 eV above the Fermi level, and the surface atoms are also
indicated.
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the electron density in the energy window of 1.25 ± 0.1 eV
above the Fermi level was integrated and plotted in Figure 4b
and c (perspective and top views). Four prominent ellipsoids
separated by two characteristic perpendicular node planes from
HCHO’s LUMO 2π* orbitals (Figure S7) could be clearly
seen. Importantly, the 2π* orbitals considerably higher than
that of the 5f-Ti atoms since HCHO’s position is well above the
surface. As a result, the dumbbell shape image is mapped out
when the STM tip approaches from the top. This type of
molecular orbital imaging allows us to conclusively determine
the structures of the different states of methanol photocatalysis
on TiO2.
After all the species and structures of products are clarified,

some new features should be mentioned. As an important
photoreaction, the dissociation of methanol always was
considered as a stepwise process. The O−H bond is easier to
break than the C−H bond on the methyl.12 However, in the
real-space STM results, the first step of the whole process
which is the dissociation of methanol is a simultaneous bond
cleavage, where two hydrogen atoms moved to the adjacent
BBO sites. We have never observed any methanol just cracking
only the O−H bond. Even the power of the laser was decreased
to about 2 mW to reduce the reactiveness, and most of the
reacted methanol rested on step I as shown in Figure 5c. There
is almost no step II and III of the products. Even so, all the

products are still symmetrical, and the feature was exactly the
same as we mentioned before. This distinct difference between
macroscopic and microscopic experimental results belonged to
the different coverages. There are many factors on the high-
coverage surface that could complicate the photochemical
reaction, such as surface hydroxyl, steric hindrance, intermo-
lecular hydrogen bonding, etc. We suggest that the photo-
reaction of the high coverage methanol/TiO2(110) system
should be further investigated by multitechniques. Another
meaning of low power irradiation is reducing the heating effect
of the laser irradiation on the surface which cannot be avoidable
in photoreaction. In addition to reducing the power of the laser,
we have also tried to determine the thermal effects on this
surface system by heating directly. The thermally driven effects
could not induce reaction of methanol which suggested the
dissociation is photosensitive relative to thermo-driven
dissociation (see Figure S8 in SI).

■ CONCLUSIONS

From the above experimental and simulated STM images, we
can now conclude that photocatalysis of methanol on
TiO2(110) occurs with three elementary steps: (1) methanol
dehydrogenation to form formaldehyde on 5f-Ti and two
hydrogen atoms on BBO; (2) photon-induced migration of the
formaldehyde molecule formed to the adjacent 5f-Ti site with
two hydrogen atoms unmoved; (3) photodesorption of the
formaldehyde molecule from the TiO2(110) surface, with the
two hydrogen atoms dissociated from methanol left on the
surface. The structures of the intermediate photocatalysis
products are also determined through the STM orbital imaging
of the 2π* orbitals of formaldehyde. The detailed STM studies
of methanol photocatalysis on TiO2(110) in this work allow us
for the first time to follow the elementary photocatalytic
processes of a single methanol molecule on TiO2 one step at a
time. Such investigations with the support of DFT calculations
and STM image simulations can provide unprecedented
insights into surface photocatalytic processes and will help us
to understand photocatalysis at the most fundamental level.

■ METHODOLOGY

The experiments were performed in a UHV chamber equipped
with a low-temperature scanning tunneling microscope (LT-
STM) (Matrix, Omicron). The vacuum in the STM chamber
was maintained at about 4 × 10−11 Torr. The methanol was
dosed on TiO2(110) at 80 K, and the real space STM images
were recorded at the same temperature. In the photocatalysis
experiment, we always make a STM scan on the clean and the
methanol-dosed surface before each light irradiation period, and
the STM tip is then pulled back by about 20 μm from the
surface during light irradiation. After a light irradiation period is
completed, we then engage the STM tip to the surface again
and find the same surface area to trace the change of each
individual molecule.
DFT calculations were performed using the PAW-based

Vienna ab initio simulation package (VASP).33−36 The PBE+U
scheme with an U_eff of 5.5 eV on Ti was applied for electron
exchange correlation, as suggested by a previous study.37−39

Tersoff and Hamann’s formula implemented in the bSKAN
code was employed to simulate STM images.40,41 See the
Supporting Information for further details about the in situ
experiments and theoretical simulations.

Figure 5. Photodissociation under low power laser. (a) Bare surface.
(b) Methanol-adsorbed surface. The power was decreased to 2 mW,
and the duration time is 10 min. All the reacted CH3OH was
controlled at the first step (c). All the protrusions which are reacted
were symmetrical, and H atoms on the BBO row are resolved clearly.
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