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Abstract: The interaction of organic molecules and titanium dioxide (TiO,) plays a crucial role in
many industry-oriented applications and an understanding of its mechanism can be helpful for
the improvement of catalytic efficiency of TiO;. Scanning tunneling microscopy (STM) has been
proved to be a powerful tool in characterizing reaction pathways due to its ability in providing
on-site images during the catalytic process. Over the past two decades, many research interests have
been focused on the elementary reaction steps, such as adsorption, diffusion, and photocatalytic
reaction, occurring between organic molecules and model TiO, surfaces. This review collects
the recent studies where STM was utilized to study the interaction of TiO, with three classes of
representative organic molecules, i.e., alcohols, carboxylic acids, and aromatic compounds. STM can
provide direct evidence for the adsorption configuration, diffusion route, and photocatalytic pathway.
In addition, the combination of STM with other techniques, including photoemission spectroscopy
(PES), temperature programmed desorption (TPD), and density functional theory (DFT), have been
discussed for more insights related to organic molecules-TiO; interaction.
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1. Introduction

Over the last decades, the interest in titanium dioxide (TiO,)-based materials has been increased
enormously since Fujishima and Honda’s first reported the water-splitting ability of illuminated
TiO; [1]. TiO, has been shown to be useful for the heterogeneous photo-catalysis, dye-sensitized
solar cells, water and air purification, deterioration of bacteria, inactivation of cancer cells and
gas, sensor, and anti-corrosive coatings [1-17]. Therefore, TiO; has been an important target for
industry-oriented applications [2-5]. In the research on TiO,-based materials, researchers mainly
focus on the preparation of novel materials or increasing the final photocatalytic activities. It has been
reported that a nanostructured TiO; nanorod supported on various foreign substrates may enhance
TiO;,’s light harvesting capacity [18]. Metals, such as Pt, Au, and Cu, supported on TiO, can work
as photocatalysts for reactions, such as methyl formate decomposition and CO, reduction [19,20].
However, the reports focusing mainly on the mechanism, such as an activation site or reaction pathway,
in the photocatalytic process are scarce. Conventionally, the currently widely accepted working
mechanism of nanostructured TiO,-based photocatalytic materials has been developed, first of all,
by characterizing the crystal structure and morphology of catalysts using X-ray diffraction (XRD),
field emission scanning electron microscopy (FESEM), and corresponding energy-dispersive X-ray
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spectroscopy (EDS) [21,22]. The typical diffraction peaks displayed in XRD describe the crystal phase
within the TiO; catalysts. FESEM is especially insightful in characterizing the TiO; catalysts” geometry
highest to the nano scale. After obtaining this information, a number of molecular spectroscopies
were utilized to characterize the photo-excited charge carriers, such as electrons and holes [23-26].
As a result, the process of active radical generation, electron-hole pair recombination, and subsequent
photocatalytic oxidation involved with those photo-induced charge carriers were analyzed in detail.
Then, the mechanism has been generally obtained through analyzing the initial and final state of the
reactant on the average molecular level, where the direct evidence, such as on-site images tracking one
specific molecule’s reaction route, is absent. The more fundamental mechanism obtained through the
atomic level characterization tool is scarce. Therefore, it is highly important to understand the on-site
mechanism in the catalytic process, because the knowledge can be utilized to optimize the preparation
of catalytic materials, which in turn maximizes the catalytic efficiency. The existence of a series of
surface science tools represented by scanning tunneling microscopy (STM) provides a useful solution
to this problem. The images obtained by STM provide strong evidence of a reaction’s pathway because
it is directly observed using on-site images with atomic resolution. Furthermore, TiO; is generally
preferred as a model transition metal oxide for fundamental studies due to the fact that it can be
easily prepared and reduced under ultrahigh vacuum (UHV) conditions [27-33], which makes the
crystals conduct and thereby enabling its use in several different surface science techniques. An Au
supported-on TiO;(110) system can be characterized by STM as well [34].

The fundamental working mechanisms of photo-catalysis on semiconductors generally contains
several elemental steps, such as (1) adsorption of reactants and diffusion of the adsorbed reactants
to the active sites, as in common heterogeneous catalysis; (2) absorption of light and excitation of
the electron-hole pairs, where the photoactive semiconductor acts as the light absorber; (3) charge
transport, separation, and transfer to the absorbed reactants, where the charge trapping might play a
role in decreasing the following electron or hole mediated reaction; and (4) reaction of the reactants
and desorption of the products. The on-site knowledge of each catalytic process with atomic resolution
is necessary for optimizing the catalytic results.

The optimization of catalysts with advancing properties underlies the need for detailed
information, including the bonding of adsorbates on the substrate, particle size, structure, composition,
and spatial distribution. In applied catalytic studies, the catalysts are simulated for industrial use
by varying the parameters, such as quantity of reactant, temperature, pH, calcination, and reduction
procedures, etc., which are unable to provide the desired characterization of supported catalysts at an
atomic scale. On the other hand, a surface science approach can provide desired nanoscale information
in which the heterogeneous catalysis is generally simplified by either well-defined single crystals of
the supported phase and particles or films of that phase on flat or spherical model supports. A detailed
understanding of the photo-catalytic process is probably only possible to achieve through fundamental
surface science studies of model catalysts. Among surface science characterization techniques, STM has
been proved to be a powerful tool in studying materials’ surfaces at an atomic scale. STM applies the
tunneling effect known for the quantum mechanics and the surface geometric or electrical structure
that can be imaged by analyzing the tunneling current in the atoms on solid surfaces. According to
quantum mechanics, the wave feature of the particle makes it tunnel through a classically forbidden
region. The electrons are not totally confined within the metallic surface, i.e., the density of the electron
state does not drop off to zero on the surface boundary. Beyond a metallic surface, the density of the
state decays exponentially within a distance of ~1 nm. By bringing an extremely sharpened tip into
close proximity of the conducting sample, the electronic wave function of the tip and sample surface
tend to overlap. Upon applying a tunneling voltage, the electrons tunnel through the tip-surface
electrodes as the tip-sample distance is sufficiently small (below a few nm), leading to a measurable
tunneling current. With the tip-sample junction in this state, the tip is then scanned across the surface in
a raster pattern. The most common operating mode is the “constant current mode”, where a feedback
loop is used to regulate the tip height to keep the current constant. The STM image produced in this
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way shows contours of constant gap resistance and always reflects the convolution of the geometric
and electronic structure of the surface, but in some cases, one of the two effects completely dominate
the contrast of the image. For example, STM images of metal surfaces can often be interpreted as
topographic maps of the surface, whereas STM images of a metal oxide, such as the rutile TiO,(110)
surface, are dominated by the electronic structure. The tunneling current exponentially depends on the
tip-sample distance where every 0.1 nm change in distance leads to a change in the tunneling current
by one magnitude.

Surface science approaches represented by STM have been intensively applied in order to resolve
the catalytic mechanism occurring on the TiO; surface to find the parameters in each single step,
such as adsorption, diffusion, and photo-reaction. The specific behavior of the adsorption, diffusion,
and photo-reaction mainly depends on the molecular structure. Therefore, this review elaborates
each of the three processes with three different classes of representative organic molecules, such as
alcohols, carboxylic acids, and aromatic compounds. This review aims to collect the studies where
STM has been used as the main tool to characterize on-site images. The functions of STM have been
elaborated in three sections. Section 2 mainly focuses on the adsorption structure resulted when a
TiO, surface is exposed to organic molecules. Section 3 elaborates the diffusion occurring at the TiO,
surface, since STM can track a dynamic process with its fast scanning ability, and Section 4 reveals the
catalytic pathways in a photo-reaction.

2. Adsorption Structure

TiO, has two prototypical surfaces, i.e., rutile TiO,(110)-(1 x 1) surface and anatase TiO,(101)
surface. Rutile TiO,(110)-(1 x 1) surface consists of alternating rows of fivefold-coordinated Ti atoms
(5f-Ti) and protruding, twofold-coordinated bridging oxygen (Oy,) atoms. The reduction of TiO,(110)
crystal results in a surface defect in the form of Oy, vacancies (Oyac). The empty-state STM images of
the TiO,(110) surface are primarily decided by electronic effects, resulting in a reversed contrast. So,
bright rows indicate the Ti troughs, whereas geometrically protruding Oy, rows are dark. The Oyacs
appear as faint bright spots on the dark Oy, rows. Contrary to the rutile TiO,(110)-(1 x 1) surface,
there is no Oyac on the anatase TiO,(101) surface, so no bond cleavage dissociative adsorption is
expected. Since there is no Oy, in the natural atmosphere, the result of the catalytic pathway revealed
on this surface resembles the real catalytic system in a higher degree.

Many heterogeneous catalytic reactions are initiated by the adsorption of organic molecules.
In order to resolve the catalytic mechanism occurring on the surfaces of the catalyst, the surface
science approach has been applied to find the parameters, such as the adsorption site and the
adsorption structure.

Alcohols are good prototypical molecules to study the photocatalytic reaction of organic molecules
with TiO,. Hansen et al. studied the adsorption state of ethanol (EtOH) on rutile TiO,(110), where two
structures of molecular and dissociated adsorbates have been clearly characterized using STM.
As shown in Figure 1, at 130 K, one type of adsorbates was found exactly on top of 5f-Ti sites,
whereas the other was at Oy, positions. Except for the adsorption position, the two types of adsorbates
can also be discernible in the STM by their different apparent heights (i.e., brightness). In the Ti trough,
the brighter adsorbate was ~0.7 A higher than the smaller adsorbate and the adsorbates centered on
the Oy, rows had the same STM height as the small adsorbates. The less bright adsorbates in the Ti
troughs were assigned to ethoxide groups (EtOr;) and the brighter adsorbates to molecularly adsorbed
EtOH (EtOHrT;). The adsorbates bound at the O, rows with STM heights of ~2.0 A were assigned to
ethoxide groups (EtOy,) bound at Oy, vacancies [35]. The assignment of contrast difference to different
adsorption configuration set a good example for STM image analysis. For example, in the study where
a saturation coverage of 0.5 monolayer (ML) monoethanolamine (MEA, HO(CH;),NH;) adsorbed
on the rutile TiO,(110) surface presents a configuration, where O of the OH group and N of the NH,
group bound to neighboring 5f-Ti sites in the Ti troughs. However, there is no discernible contrast
difference between dissociated and molecular adsorption in the STM images, which might be due to



Catalysts 2018, 8, 616 4 0f 15

changes in coverage, compared with the results of Hansen et al. [36]. Zhang et al. studied methanol
(CH30H) adsorption on the rutile TiO,(110) surface by STM and found that CH3OH dissociatively
adsorbed at the Oy, sites, with O-H bond cleavage and one hydroxyl formation at neighboring Oy,
sites, similar to EtOH dissociation [37].
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Figure 1. STM images obtained after EtOH exposure onto TiO»(110): (a—c) EtOy, are indicated by a
black cross, EtOr; by a green solid dot, EtOHrT; by a hollow blue circle. Other symbols indicate Oyac
(square), H adatom (hexagon), H adatom pair (square), and water (ellipse), respectively. (d) STM height
histograms of the three adsorbates (Reprinted figure with permission from [35] Copyright (2011) by
the American Physical Society).
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A lot of research interests are dedicated to the adsorption structure of molecules with a carboxylic
acid group. One of the photocatalytic applications of TiO, is in the dye-sensitized solar cells,
which often include interfaces with carboxylate-anchored organic molecules [38]. Trimethylacetic acid
(TMAA) is one such conventional carboxylic acid probe with two adsorption channels, which can
adsorb dissociatively with deprotonation in the acid group, leading to carboxylate species and
trimethyl acetate (TMA) bridge-binding at two Ti sites. The second adsorption geometry is Oyac
sites bind to one O atom in TMA, while the other O atom in TMAA binds to another Ti site [39,40].
The interactions of formic acid and acetic acid with the rutile TiO,(110) surface have been investigated
and found to have quite a different adsorption structure. With a 10 mM solution dipping on the surface,
formic acid bound with the surface in two different configurations and formed overlayer had no
apparent ordered structure. On the other hand, acetic acid constitutes a well-ordered acetate overlayer
with a (2 x 1) periodicity, analogous to that exposed to vapor [41]. Formic acid adsorbed on anatase
TiO,(001) in the form of formate and were imaged as protrusions adsorbed at under-coordinated
Ti sites in the added rows. Oddly, no such formate species adsorption was found in the trenches
where under-coordinated Ti atoms were likely to be exposed [42]. The adsorption of acetic acid on
anatase TiO(101) has been also investigated with STM and found that at low coverage, acetic acid
dissociatively adsorbed in the form of bidentate binding adsorbate. Whereas, at 420 K, a saturated
coverage displays a partially ordered superstructure with two domains of which the periodicity was
found to be (2 x 1), as a result of a bidentate binding geometry of the acetate to two adjacent Ti
sites along the [010] direction [43]. Pang et al. utilized STM and noncontact atomic force microscopy
(NC-AFM) to study methyl phosphonic acid adsorption on rutile TiO,(110)-(1 x 1) and revealed that,
at low coverage, methyl phosphonic acid preferably adsorbed on the 5f-Ti troughs. However, on rising
the adsorbate coverage to 0.5 ML, phosphonic acid was deprotonated to produce phosphonate and
STM images displayed an ordered (2 x 1) overlayer, which can be attributed to the phosphonate
bridging conformation across two neighboring 5f-Ti atoms in the [001] direction [44].

Aromatic compounds are another representative class of organic molecules, in which the aromatic
ring often plays an important role in the interaction with TiO; [41]. The interaction of benzoic
acid on the TiO,(110) surface was observed as dissociative adsorption, leading to benzoate and
hydroxyl groups’ formation. The adsorption of benzoate formed an ordered pseudo-(2 x 1) overlayer,
which can be explained by bonding through the carboxyl group with Ti** cations. Dimer rows along
the [001] direction were observed probably due to attractive interactions between aromatic rings of the
benzoates [45]. Motivated by the function that terephthalic acid (TPA) molecules performed in some of
the metal-organic frameworks, Prauzner-Bechcicki et al. investigated the adsorption structure of TPA
on rutile TiO(110)-(1 x 1) and the study revealed that one ML of TPA bound to the surface with a
bidentate pattern forms dimer rows in the [001] direction due to tilting and rotating of adjacent TPA
molecules. In addition, the molecules were inclined to display an upward growth tendency with a
—COOH group facing the vacuum [46,47]. Iwasawa et al. have successfully visualized the adsorption
structure of pyridine and its derivatives on rutile TiO,(110)-(1 x 1) surface by using STM. Individual
pyridine and 2,6-dimethylpyridine (2,6-DMP) molecules weakly adsorbed on the surface and desorbed
near RT without chemical bond formation [48].

The molecular structure itself can affect the adsorption configuration to a great deal. Besides this,
adsorption geometries often depend on several other factors, such as the coverage, interactions
between adsorbates, and reconstruction of the substrate. Some of the examples have been discussed
here to study these factors in detail. The interaction of perylene on the TiO,(110)-(1 x 1) surface at
different surface coverages was studied and found that the coverage has a determining influence on
the adsorption configuration. However, at the submonolayer, the perylene displayed itself as elongated
protrusion adsorbed on the Ti trough and the distribution did not reflect any intermolecular interaction.
Furthermore, when the coverage increased to the limit of the first layer, an ordered compact domain of
perylene was observed due to side-to-side molecular attraction [49]. Perylenetetracarboxylic-diimide,
(PTCDI) molecules adsorbed in the form of lying on their long edges, tilted by ~35° with respect
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to the surface due to steric repulsion with the first layer deposition. A strong 7-7t coupling
between neighboring molecules determines an aggregation into islands corresponding to a (1 x 5)
commensurate phase [50]. Adsorption of anthracene and 4-bromobiphenyl on a TiO, rutile (110)
surface have been studied by STM, which showed that both molecules can adsorb on the TiO, surface
by forming periodic patterns with every single molecule oriented along the 5f-Ti row. The observed
surface arrangement suggests an attractive interaction between the anthracene molecules across
the rows whereas a strikingly different alignment of bromobipheneyl molecules indicates repulsive
interaction [51]. Copper phthalocyanine (CuPc) on reconstructed cross-linked rutile TiO»(110)-(1 x 2)
was investigated and found that at low coverages, CuPc sparsely lay flat at the link sites and tilted in
troughs between [001] rows. However, as the coverage increased, CuPc molecules were trapped in the
rectangular surface cells separated by the oxygen columns along the [001] direction and the cross-link
rows [52]. Most adsorbates can present themselves in multiple adsorption geometries, with preference
depending on thermodynamics. One state can be automatically converted to another in an energetically
allowed condition. Such a conversion process occurs when formaldehyde (HCHO) molecules adsorb
on the rutile TiO,(110) surface. There are two types of protrusions of HCHO molecules, one centered
at 5{-Ti rows correlating with the monodentate adsorption binding with the O-(5f-Ti) bond and the
other centered at Oy, rows as a bidentate adsorption with both O-(5f-Ti) and C-Oy,, bonds. The former
can spontaneously be converted to the latter, indicating the energetically more preferable bidentate
adsorption. Density functional theory (DFT) calculations provide energy barriers of 0.28 and 0.75 eV
for the conversion from monodentate to bidentate adsorption and for the reversed process, respectively,
thereby confirming the more favorable bidentate adsorption [53].

3. Diffusion

Whether a molecule is stabilized or mobile on the substrate surface depends on the balance
between adsorbate-substrate and inter-adsorbate interactions. If the inter-adsorbate attraction
surpasses the adsorbate-substrate interaction and overtakes the molecular diffusion barrier,
the adsorbate molecule would be fairly mobile [52]. Surface diffusion is generally important in
interfacial processes, such as self-assembly or heterogeneous catalysis.

Hansen et al. tracked the dynamics of three adsorbates by recording time-lapsed STM movies
(Figure 2) and this method was used to confirm the assignment of three adsorbates. The EtOH
molecular adsorbate was observed to diffuse along the Ti trough, and then reached to a 5{-Ti site close
to Oyac and jumped into the Oy, where it got trapped:

EtOHTi + Oyac — EtObr + OHbr (H adatom)

Simultaneously, the apparent height of the adsorbate decreased by ~0.6 A to ~2.0 A and this event
can be explained as an EtOHT; molecule that diffuses along the Ti trough and dissociates at the Oy,c
via O-H bond cleavage. The resulting EtOy,, and H adatom were located on the neighboring Oy, sites.
The species assigned to EtOp; was immobile at ~191 K. However, the significantly different mobility
of the three species provides further evidence of the assignments [35]. Likewise, the observation that
molecular CH30H can diffuse along the 5{-Ti rows at RT confirms the assignment that CH3OH does
not dissociate at 5{-Ti sites [37]. On the same surface, EtOH diffusion in both directions of parallel
and perpendicular to the rows of O, and Ti atoms were imaged. Contrary to the diffusion along
the Ti rows (Figure 3), the diffusion of EtOH perpendicular to the rows of Ti atoms was mediated by
H adatom species. Additionally, the diffusion of H adatom species across the Ti rows, mediated by
EtOH molecules, was rarely observed [54]. Probably due to the small molecular weight, the diffusion
process of an organic molecule with one or two carbon atoms is fairly easy to observe. Consecutive
STM images were used to reveal the reaction pathway of ethylene from HCHO adsorption. HCHO
preferably adsorbed on the Oy sites, forming Oyac-bound species and the intact HCHO diffused along



Catalysts 2018, 8, 616 7 of 15

the Ti row and then diffused to nearby Oy, sites upon C-O bond dissociation. Afterward, this HCHO
coupled with another HCHO located across the Ti row and desorbed as an ethylene molecule [55].
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Figure 2. Consecutive STM images recording the diffusion and dissociation of a single EtOH molecule.
(a—c) EtOH (indicated by a black open circle) diffuses along the Ti trough, gets trapped at Oy, leading
to EtOy,. Other symbols have the same indications as in Figure 1. (d) STM height profiles along the
lines indicated in (a—c) (Reprinted figure with permission from [35] Copyright (2011) by the American
Physical Society).

TMA diffusion tends to be forbidden at RT due to its chemical bond with the surface. There were
calculations indicating that the more common bridging configuration of TMA at the Ti rows was
slightly less favorable than that bound at the Oy,c site. TMAA molecules displayed themselves
initially in a mobile physisorbed state, whereas the diffusion of the chemisorbed TMA species was
significantly slow at RT with a calculated barrier of 1.09 eV [40]. On the contrary to the surface of
(1 x 1) TiO»(110) where TMAA dissociated, TMAA diffuses readily along the troughs on (1 x 2)
reconstructed TiO,(110) at low coverages, indicating that TMAA adsorbs in a molecular state. At RT,
TMAA species was observed migrating back and forth along troughs at the low coverages (<0.05 ML)
when it was isolated [56].

EtOH @ T

@ Hadatom e O

Figure 3. STM snapshots recording EtOH diffusion along and perpendicular Ti row (upper row)
(Reprinted figure with permission from [54] Copyright (2012) by the American Chemical Society).
Corresponding ball model scheme (lower row).
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It was indicated that the barrier for surface diffusion depends on the interaction of adsorbates
with the substrate. For example, pyridine does not form a strong chemical bond with rutile TiO,(110),
therefore a fast diffusion occurs in such an adsorbate-substrate scenario. At RT, the adsorbates can
move so fast that it cannot be imaged with a whole shape since the raster scanning motion around
a 2500 A? area takes ~5 s. Iwasawa et al. attributed their fragmented shapes of the molecular
image to the migration of adsorbed pyridine molecules. While in the case of 2,6-DMP adsorption,
such fragmented shapes of adsorbates were not observed whereas a short distance migration of
minority of molecules in the [001] direction was found in the consecutive scanned images within the
same area. Since most molecules stayed in the same position, therefore, it can be concluded that the
diffusion of 2,6-DMP is much slower than pyridine [48]. Except for adsorbate-substrate interaction,
coverage is another factor affecting the diffusion behavior of aromatic compounds, especially when
the adsorbates are densely-packed. The single molecule vacancy diffusion was observed within the
TPA ML. Such migration proceeds along the grain boundary through a series of consecutive scans
in the same area indicates a rather a low barrier for surface diffusion of TPA molecules in the ML
along the [001] substrate direction [46]. Osgood et al. observed some poorly defined features of
anthracene in a high-resolution image, which were not because of instrumental or stability artifact.
In the densely-packed area, the mobility was restricted and images were well-resolved. Whereas in
the poorly-populated area, the molecules were fairly mobile in the [001] direction due to thermal
oscillation, thus the whole shape of the molecule has not been obtained [51]. Jensen et al. demonstrated
butyrophenone adsorbed as an intact molecule at the Ti row and weak binding made it diffuse freely
along the Ti rows even at 55 K. This diffusion was confined in a one-dimensional potential well formed
by strongly bound butyrophenone-O complexes [57].

Since diffusion is an essential elemental step in a TiO, catalyzed reaction of organic molecules,
but there are many cases where adsorption studies outnumbered the diffusion and the reason should
be because adsorption can be easily observed by STM no matter whether it is a strong or weak
adsorption configuration. However, even in the studies where diffusion has been labeled as the main
research interest, adsorption is always the pre-study or supplementary study. Moreover, when the
diffusion occurs on a time scale faster than STM scanning speed, it appears only some fragmented
feature that could be captured by the STM image. Notably, we should not overlook the role of STM in
characterizing the diffusion process.

4. Photo-Catalytic Reaction

Since TiO; is a semiconductor in nature and photocatalytic reactive, nearly every STM
investigations involved with TiO; are oriented toward the destination of gaining a more insightful
understanding about its photo-catalytic reactivity. Weakly adsorbed EtOHT; and EtOr; species in
the Ti troughs of TiO,(110) decompose rapidly to CH3CHO when exposed to UV light, even in the
absence of O,. On the contrary, EtOH species adsorb dissociatively in the Oy, (EtOy,) and react slowly
along [111]-type step edges. Regular 5{-Ti sites are the most important sites for the photo-catalytic
conversion of alcohols into their corresponding aldehydes/ketones on rutile TiO,(110) [58]. The ethanol
reaction scheme has been summarized in Scheme 1 as a result of STM investigation of ethanol-rutile
TiO,(110) interactions. Idriss et al. studied the photocatalytic reaction of ethanol over the anatase
TiO,(101) surface and found that upon UV illumination with the atmosphere of oxygen, some ethanol
disappeared whereas large protrusions arranged in a (1 x 2) pattern formed along the [010] direction,
which was assigned as carboxylate adsorb in a bidentate manner. Upon excitation in the presence of
O;, the main product was acetaldehyde [59].
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EtOH Reaction Scheme
adsorption reaction
ethylene 3 ]
A 4 (high temp.)
£t0 (HC=CH,) | Strongly bound
! aceiate C—0 bond break
nyos ; (slow)
(CH,COO)
Ethanol -
(CH;CH;0H)
A ethanol (low temp.)
EtOH-, (CH;CH,0OH) Loosely. bound
EtO 5 . O—5f-Ti bond break
T, acetaldehyde o) [ (C—O bond intact)
(CHsCHO) )

Scheme 1. EtOH reaction scheme.

Likewise, CH30OH, which is a good probe molecule of alcohol, can be potentially applied in
photocatalytic selective oxidation, environmental photocatalysis, and photocatalytic reforming reaction.
Zhou et al. investigated the CH3OH photo-oxidation on TiO;(110). After 10 min of UV (<400 nm)
irradiation, most of the Ti** bound molecular CH3OH species became elongated and these elongated
species were split into two parts by pulling them with an STM tip. One dim protrusion left on the Oy,
site was assigned to be an OHy,, group. Thus, the UV irradiation was proved to make the CH;OH
molecule dissociate. Similar STM experiments using light irradiation (>400 nm) have also been carried
out and gained no evidence for CH3OH dissociation, suggesting that the dissociation of CH30OH was a
substrate-mediated photocatalytic process [60]. Later, the same research group observed a complete
photocatalytic process for a single CH30OH molecule by recording STM images of the same small area
at different UV irradiation time intervals. Thus, the photodecomposition of CH3OH into HCHO and
OHs on TiO,(110) have been directly visualized [61]. HCHO and methyl formate (HCOOCHj3) were
produced from the photo-oxidation of CH3OH. After production of HCHO, transient HCO was made
photochemically. In the next step, the HCO reacts with a residual methoxy group to yield HCOOCH:;.
There is a pre-requisite for these photo-oxidation steps to occur because surface and near-surface defects
are needed to be healed [62]. The photoactivity of isolated CH3OH adsorbed on the anatase TiO,(101)
surface showed a negligible photoactivity. Two pathways of CH3OH activation were explained by
combining STM with other characterization techniques, such as temperature programmed desorption
(TPD) and DFT (Figure 4). First, the methoxy groups were produced via reaction of CH3OH with
coadsorbed O, molecules or terminal OH groups, leading to HCHO formation upon UV illumination.
On increasing the CH3OH coverage to above 0.5 ML, activation occurs, leading to the formation of
methyl formate. Partial dissociation of CH3OH to methoxy is the key step in both the processes [63].
The CH3OH reaction scheme has been summarized in Scheme 2 and by comparing reaction schemes
of EtOH and CH30H, it can be concluded that molecular or dissociatively adsorbed species bound to
Ti sites are photo-active, which can lead to the aldehyde product. However, with EtOH having two C
atoms, a C=C structure forms in the Oy,c-bound species, which can subsequently lead to CH;COOH
whereas the process of C=C formation cannot be observed with CH3OH. One of the oxidized products
of CH30H is formic acid (HCOOH), which can in principle be further photo-oxidized. However,
there is no report on HCOOH photo-oxidation on a TiO,(110) surface, probably because the band gap
of the surface is as big as the bulk one. Iwasawa et al. reported that on the TiO,(001) surface, HCOOH
adsorbates changed into OH groups upon UV irradiation and with the O, atmosphere. The study
proved that the photon threshold energy of a photochemical material can also be determined by a
smaller surface state, compared with the bigger bulk band gap [64].
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s
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Figure 4. 3D STM image, ball-bond model applied in DFT, and TPD results relevant to CH;OH
photocatalysis on anatase TiO,(101) (Reprinted figure with permission from [63] Copyright (2017) by
the American Chemical Society).

Methanol Reaction Scheme

1. with rutile

hv
CH3:OH =——> HCHO

CH30OH

CHsO — HCOOCH:

2. with anatase
HCHO

CHs:OH + 02(0OH) ——— CH30

HCOOCH:s

Scheme 2. CH30H reaction scheme.

Since TMAA molecule dissociatively adsorbs at the rutile TiO,(110) surface, the photo-reactivity
actually depends on the dissociation form of TMAA, which generates TMA and binds at Ti sites
undergoing hole-mediated photolysis upon UV illumination, resulting in the formation of CO, and
tert-butyl radical [65,66]. On the other hand, TMA species bound at Oy, sites are completely inactive
toward UV light [67]. Lyubinetsky et al. observed a decreasing reactivity of TMA on TiO(110)
with coverage and this hindering effect originated from the accumulated OHy,, generated when the
parent TMAA dissociatively adsorbed on TiO,(110). This effect was confirmed by the fact that OHy,
groups stemming from H,O dissociating at Oy, sites exert an analogous inhibiting influence on
TMA photolysis. Considering the function of OHy, species as trap sites for photogenerated electrons,
which attract and neutralize photogenerated holes, it is fairly reasonable to conclude the negative
influence on photochemistry [68]. The photoreaction of TMAA on an isolated TiO; nanocrystal grown
in situ on Au(111) in an UHV chamber was studied by Osgood et al. by analyzing STM images and
found that the atomic structure of the dominant type of TiO, nanocrystals exerted a mismatch between
rutile and gold lattice parameters. The normalized TMAA photodesorption quantum efficiency from
Au-supported TiO, nanocrystals was found to be ~4 times lower compared to the same reaction on the
rutile TiO,(110) surface due to the lower fraction of light adsorbed in the nanocrystals [69].
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Photochemistry of various aromatic compounds on TiO; has been also investigated. For example,
benzoic acid deprotonated to benzoate, which was intact under UV illumination for several hours.
The stability of benzoate under illumination demonstrates the importance of substituents on the
stability of the molecular layer [70]. Butyrophenone thermally reacted with oxygen adatoms on
oxidized TiO; to create a photoactive butyrophenone-O complex. STM experiments demonstrated
that 22 bigger, oval-shaped butyrophenone-O complexes changed to 22 smaller, “L”-shaped benzoate
species, indicating a 1-to-1 correlation between the two species. Additionally, the benzoate produced
was found at nearly the same site as the original butyrophenone-O complex, suggesting that the
photoproduct was rapidly trapped. A controlled experiment indicated oxygen adatoms were necessary
for photolysis from butyrophenone to benzoate, since on reduced TiO,, there was no change observed
in the STM images before and after UV illumination [71].

5. Challenges and Outlook

The common traits in the behavior of adsorption, diffusion, and photocatalytic reaction are
summarized in Table 1, addressing the interaction of organic molecules with different TiO, surfaces.
The studies were mainly performed by STM in combination with complementary experimental
techniques and computational methods, such as PES, TPD, and DFT calculations. The STM provides a
unique ability to follow individual processes on the surfaces and allows to follow the diffusion and
reaction of a single molecule with very high spatial and temporal resolution. Even though much
applied research on TiO, is undertaken to study photo-assisted degradation of organic molecules,
the number of surface science studies is, however, small, and very little is known about the basic
elemental steps governing the photo-catalyzed chemical reactions on TiO;. The literature presented in
this review concludes that STM is a very valuable technique for studying the model system relevant
to heterogeneous catalysis and photo-catalysis. However, the technique has its limitations due to
the requirement of the model surface, in addition, the sample has to be extremely clean. Therefore,
suitable samples fit the standards of STM scanning are difficult to prepare. In most cases, researchers
have to rely on a chemical company, where a specimen with a single crystal surface is costly and
time-consuming. Since many materials cannot be made in the form of a single crystal surface, therefore,
the types of sample available are very few in number. If researchers come up with an idea of scanning
on novel materials, then their first job would be to prepare a scanning-possible sample, which could
be a challenge. There is a material gap between real catalysts applied in the industry and model
catalysts applied in surface science. The pre-treatment of the samples inside the ultra-high pressure
chamber could be tricky in case of pollution and a need to reconstruct. For example, for rutile TiO,(110),
a sputter with Ar* bombardment and annealing high up to 800 °C are necessary in order to make the
surface conductive. The application of a high-pressure STM can solve the problem, which demands
a better signal-to-noise ratio, and the recent success of utilizing Q-plus sensor with super-sensitivity
in AFM promote the field of mechanism characterization toward a more precise direction [72-74].
With Q-plus sensor’s ability in imaging a chemical bond with high resolution, it is fair to predict the
mechanism of the photo-catalytic pathway. Also, in operation, the STM technique must combine with
other techniques, such as TPD, photoemission spectroscopy (PES), and DFT, to gain more insights
on a catalytic process. STM can provide on-site atomic information whereas TPD and PES work as
composition characterization tool, and DFT can confirm a catalytic pathway by simulating the relevant
process. In the near future, we are optimistic that by using STM, more insights into photo-catalyzed
reactions on TiO; model surfaces, comprising both rutile and anatase surfaces can be obtained.
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Table 1. Common traits in the behavior of adsorption, diffusion and photocatalytic reaction.

h(/?;lgeacnullce Adsorption Diffusion Photocatalytic Reaction
(1) Molecular adsorption ) 1]31£fu510n along the (1)  Aldehyde formation with
at 5f-Ti ) Dl ﬂ?w,s dicular t Ti-bound adsorbates
Alcohols (2) Dissociative adsorption at @ Husion perpendicuiarto. ) Carboxylate in
o Ti rows mediated by O -bound adsorbat
vac H adatom vac-bound adsorbates
(1)  Carboxylate species with (1) TMA barely diffuse ) Svgﬁ ?Fiigijj:(?;loiiltzl
Carboxylic acids deprotonation in bidentate  (2) Physisorbed TMAA s .
bonding to two 56T sit diff 1 Ti (2) Stability with
onding to two 5{-Ti sites iffuse along Ti rows .
Oyac-bound species
(1) Easy to form (1) Adsorbate-substrate
Aromatic ordered overlayer interaction . .
compounds (2) Aromatic ring controls the (2) Coverage are (1) No aromatic ring opening
geometry of adsorbates determining factors
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