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ABSTRACT: We report a real-space imaging of formaldehyde
(HCHO) adsorption on a TiO2(110) surface probed by high-
resolution scanning tunnelling microscopy (STM). Density functional
theory calculations (DFT) were carried out to assign the observed
features. The adsorptions occur exclusively on 5-fold coordinated Ti
(Ti5c) sites and oxygen vacancies (OVs). The well-resolved
configurations on the Ti5c sites feature the overlapping of the two
“dumbbell” structures which are originated from the empty orbitals of
HCHO. The STM images for the physical adsorption of HCHO on the
OV sites appear fuzzy because of the rapid switching of HCHO among
the three stable orientations, while those for the chemical adsorption
are much clearer, revealing a distinctive difference between chemical
and physical adsorptions. This work presents a systematic character-
ization of the topological features of HCHO/TiO2(110) and provides
useful information for mechanical understanding of the reaction mechanism of HCHO on the surfaces.

Titanium dioxide (TiO2) is one of the most important
materials for catalysis and photocatalysis, especially in

water splitting and hydrogen production.1−11 It has been
reported that methanol photoreforming on this surface could
produce H2, where formaldehyde (HCHO) has been
suggested as a key intermediate.12−15 Meanwhile, HCHO is
a main indoor air pollutant which can be oxidized to CO2 and
H2O by Pt/TiO2 catalysts.16−23 The TiO2-catalyzed reaction
with the involvement of HCHO is relevant to prebiotic
syntheses.24−28 The clarification of the adsorption features of
HCHO on TiO2 plays pivotal roles in mechanical under-
standing the photocatalysis mechanism. Considering that
TiO2(110) is the most stable surface with a well-known
structure,10,29 it affords a model substrate for fundamental
understanding of the adsorption of HCHO on the
surfaces.10,30,31

High-resolution scanning tunnelling microscopy has
emerged as a powerful technique for probing the molecular
orbitals of a single molecule, which contain useful information
about adsorption.32−36 Guo et al. determined the orientation
of interfacial water on a NaCl(001) film supported on Au(111)
substrate via the analysis of molecular orbital information.33

Ho and co-workers reported the adsorption details of acetylene
on Cu(100), revealing a “dumbbell” shape ascribed to the
contribution from a π bond.36

The adsorption of HCHO on TiO2(110) is still under
debate. Theoretical calculation first predicted that an η2-
dioxymethylene (η2 configuration) structure on the Ti5c sites is
preferred for the adsorption of HCHO on TiO2(110), while
the configurations on oxygen vacancies (OVs) and the η1-top
adsorption configuration (η1 configuration) on Ti5c sites are
less stable.37−39 Although this η2 dioxymelthylene, which
requires an adsorbed formaldehyde reacting with a bridging
surface oxygen, was already confirmed by infrared (IR)
spectroscopy,40,41 this species was not found in the TiO2
system by STM or temperature-programmed desorption
(TPD) at the beginning. Zhang et al. used STM to investigate
the adsorption and diffusion of HCHO on TiO2(110), and
they found OV to be the most stable site.42 The reaction of
HCHO around OV has been investigated thereafter: at 215−
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300 K, two OV-bound HCHO molecules can be coupled to
form Ti-bound ethylene, healing both OV sites. After HCHO
exposure at 300 K, the diolate is the majority species on the
surface, which is formed by an OV-bound HCHO and a Ti-
bound HCHO.43,44 On the OV-deficient oxidized rutile
TiO2(110) surface, the HCHO tends to be polymerized to
yield the paraformaldehyde.45 Recently, Feng et al. observed
the η2 configuration using low-bias STM.46 At 80 K, the η1

configuration can be slowly transferred to the η2 configuration
with a lifetime of about 12 h. They found the transfer is
reversible at the experimental conditions of higher bias and
higher temperature, which explains the missing η2 config-
uration signal in previous TPD and STM experiments.42−47

HCHO has a “fingerprint” dumbbell structure derived from
the contribution of a π* bond, which is HCHO’s lowest
unoccupied molecular orbital (LUMO).48 It can be resolved at
+1.25 V using STM.48−50 This “fingerprint” may help to reveal
further details about configurations and transformations of
HCHO on the TiO2 surface. In this work, we systematically
studied this “fingerprint” dumbbell shape of HCHO on
TiO2(110) using high-resolution STM, which is supported
by density functional theory calculations. Detailed information
about HCHO adsorption and transformation on TiO2(110) is
revealed. We also studied the adsorption on OVs, and two
distinct images are distinguished. The real-space STM images
clearly show an overview of HCHO adsorption on TiO2(110).
Our theoretical calculation of the adsorption structure on

the Ti5c site is consistent with previous work, including
physical adsorption and chemical adsorption.37−39 All the
stable structure diagrams are shown in Figure 1a1−d1, and the

adsorption energies are close to the work of Friend et al.37 The
most stable adsorption configuration of HCHO is a chemical
adsorption assigned as η2-dioxymethylene structure (Figure
1d1) with the adsorption energy of −1.16 eV. The C=O bond
of adsorbed HCHO is weakened as compared to that of the
free HCHO, leaving the oxygen atom bound to Ti5c and the
carbon atom to the adjacent bridging bonded oxygen (BBO)
atom. Figure 1a1−c1 presents the HCHO adsorption on the
Ti5c row, where HCHO keeps planar with a coordinate bond
between the O atom of formaldehyde and the Ti5c site
beneath. Configurations with different orientations of the
molecular plane relative to BBO row have been explored. The

most stable adsorption configuration is shown in Figure 1a1
with its molecular plane tilted by 38° from the Ti5c row.
Configuration of HCHO with its molecular plane perpendic-
ular to BBO row is slightly unstable. The parallel configuration,
i.e., HCHO molecule parallel to the BBO row, is the most
unstable one. The adsorption energies are −0.67, −0.64, and
−0.60 eV, respectively.
According to these adsorption configurations, STM images

of each structure were simulated as shown in Figure 1a2−d2.
We found significant differences between images of physical
and chemical adsorptions. The three η1 configurations show
distinctive two-piece structure. This dumbbell feature origi-
nates from HCHO’s lowest unoccupied molecular orbital, i.e.
its 2π* antibonding states, which was discussed in detail in our
previous article.48 The dividing line in the middle of this two-
piece structure indicates the orientation of C=O bond. The
angle between this dividing line and the bright row indicates
the angle between the molecular plane and BBO row, whereas
the image of η2 configuration is quite different. It shows an oval
spot across a bright row and a dark one. The long axis of the
spot indicates the orientation of C−O bond. The characteristic
of antibonding molecular orbital disappeared because the
hybridization of chemisorbed HCHO had already changed,
and the molecule bonded to both the Ti and O rows. These
features are quite distinct; therefore, every adsorption structure
could be easily resolved by STM.
After observing hundreds of molecules adsorbed on Ti5c

sites in experiment, three types of adsorption were determined,
as shown in Figure 2. Bright rows indicate Ti5c rows, and dark

rows indicate O rows; the bright spots on dark rows are OV
sites. Only two η1 configurations adsorbed on Ti5c sites are
observed and marked by blue and green circles. The tilted
HCHO configuration called “dumbbell state” in Figure 2b is
consistent with a clear dumbbell shape shown in the simulated
image (Figure 1a). Figure 2c shows the case called “cross state”

Figure 1. DFT calculation and STM simulation of HCHO on
TiO2(110). (a−c) Three types of η1 configurations. The C=O bond
plane of formaldehyde pointed 52° from the adjacent BBO site, to the
adjacent BBO site, and to the Ti5c row, respectively. (a2−c2) In the
corresponding STM images, the C=O bond appears as a dividing line
in the middle of the protrusion. (d) The carbon atom is connected to
the adjacent BBO atom to form a C−O−C bond. Because of the
changing of sp2 hybridization, the typical two-piece structure
disappeared. Instead, a smaller spot tilted to the BBO row emerged.

Figure 2. STM images of formaldehyde adsorption on the Ti5c sites.
(a) Three configurations in real space are observed on the TiO2(110)
(3.4 nm × 3.6 nm, +1.25 V 100 pA). Two η1 configuration structures
are marked by blue and green circles. (b) The tilted HCHO with a
distinct two-piece structure (1.2 nm × 1.1 nm). (c) The C=O bond of
HCHO points to the BBO row, and the middle of the dumbbell shape
is blurry with a protrusion pointed to one side of the BBO row. (d) A
new structure, which is not mentioned in Figure 1.
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in which the HCHO’s molecular plane is perpendicular to the
BBO row. The overall image is similar to Figure 1b. However,
on the subject of detail, the dividing line of the dumbbell
structure is blurry, and a protrusion extends along the short
axis of the overall ellipsoid shape. This protrusion always
points to one side of the oxygen row and exists only when the
molecular plane is perpendicular to the BBO row; it never
exists in the case of the dumbbell state. This seems like the
overlap between the features in Figure 1b,d, and we suggest the
cross state shows a fast conversion between physical
adsorption and chemical adsorption. In Feng et al.’s work,46

they found that scanning can cause the conversion between η1

configuration and η2 configuration when bias is higher than
+0.75 V, while the η2 configuration is not found when the
scanning bias is higher than +1.0 V. When the tunnelling
electron acts as an activation to trigger HCHO across the
energy barrier between two configurations, STM should image
the superposition state which contains the features of the two
configurations. In this work, the orbital imaging was obtained
by the scanning with the bias of +1.25 V, which certainly
causes the conversion between the η1 configuration and η2

configuration (we indeed imaged the overlapping pictures).
The bias of +1.25 V is close to the energy of the 2π*
antibonding states and gave more details to identify this
superposition state in imaging, whereas under +1.0 V, the
orbital imaging is not favored and the superposition state looks
like a featureless bright spot resembling physical adsorption in
Feng et al.’s work. The reason why we obtained images of only
overlapping states when the molecular plane is perpendicular
to the BBO rows might be that the physical adsorption
orientation in the cross state is a necessary channel to convert
to the chemical adsorption. That is why we never observed this
feature in the dumbbell state.
The third image, called the “mouse state” in experiment, is

strange (Figure 2d). The image shows three parts, which is
obviously different from the η2 configuration. It includes one
brighter spot and two darker spots. This image is similar to the
dumbbell state in some details, as shown in Figure 3. First, if
one darker spot is ignored, the angle between the rest and the
Ti row is 36°, which is the same as that in the dumbbell state.
Furthermore, compared with the heights of different cut
profiles, the height and length of the long axis are similar to the
dumbbell state; therefore, it was deduced that this feature
might originate from HCHO dangling, the CH2 group
oscillating toward different BBO rows, and the image
represents an overlap of two positions. It is another
superposition state between two dumbbell states. However,
the trigger of the conversion cannot be temperature or
tunnelling electron as the cross state because if that is the case,
we can never find a single dumbbell state without overlapping.
It can only be attributed to the surface, i.e. the adsorption site,
which causes the CH2 oscillation in the mouse state to be
different. It is suggested that different types of Ti5c sites around
an OV show significant difference in adsorption energy for
HCHO on the TiO2(110) surface,

42 and defects on or beneath
the surface can also influence the adsorption energy
significantly.37 Therefore, the defects might have substantial
effects on the potential energy surfaces for HCHO adsorption
on Ti5c sites. On the sites of the mouse state, the energy barrier
between two dumbbell states is lower and tunnelling electron
can easily trigger the conversion. In contrast, on the sites of the
dumbbell state, the barrier is too high for the conversion to be
triggered by the tunnelling electron. Another hypothesis is that

there are some kinds of activation from the surface, such as
polarons. Polarons in rutile can hop to the (110) surface with
an energy of tens of millielectronvolts, and its distribution is
also site-dependent on the TiO2(110) surface.

51−53 The reason
for this conversion under 80 K requires further study in both
experiments and calculations.
Under higher temperature, HCHO adsorption will tend to

convert to more stable configurations. In Feng et al.’s work, η1

configuration has a lifetime of only a few seconds at 105 K and
10−5 s at 180 K.46 Under these conditions, the η1 configuration
will rapidly convert to the η2 configuration. They also found
that under higher bias, the η2 configuration shows a fuzzy
feature, suggesting a conversion between physical adsorption
and chemical adsorption triggered by tunnelling electrons.
However, Zhang et al. found that when the temperature is
above 140 K, HCHO will migrate to OV and shows a fuzzy
feature when the bias is at +1.3 V.42 To solve this discrepancy,
we heated the surface to 160 K and observed the adsorption
configuration of HCHO on the Ti sites. In Figure 4, all the
two-piece structures of HCHO molecules are converted to

Figure 3. Comparison between the tilted formaldehyde and the
unknown three-piece structure. The angles between the long axis and
Ti5c row are both 36°, and the cut profiles are quite similar.

Figure 4. STM image of HCHO adsorption under 160 K (6.2 nm ×
5.8 nm, +1.25 V 100 pA). The dumbbell structure could not be
observed anymore, and most of the protrusions got fuzzy.
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fuzzy spots, which are not readily resolved in the STM images.
We suggest that it is due to the rapid conversion between all
kinds of configurations. Our tunnelling current is 100 pA,
which is much larger than that in Feng’s experiment. That
means the activation rate in the present experiment is much
faster, making the conversion of different adsorption
configuration so rapid that the images of all configurations
are readily overlapped. Our study confirmed that under higher
temperature it is possible that HCHO exists on Ti sites.
Besides the Ti5c site, the oxygen vacancy is another general

adsorption site. In Figure 5, we listed two distinct structures of

the OV sites. The in situ experiment clearly identified that
adsorption can occur on/around the OV. Upon addition of a
lattice grid, the image in Figure 5c shows a fuzzy protrusion on
the exact original OV site. Meanwhile, a smooth type of spot
has also been observed, as shown in Figure 5d, whereas this
protrusion is slightly tilted in both [001] and [11̅0] directions.

In the [001] direction, the protrusion does not reside on the
original OV site. Instead, it is near the adjacent bridging
oxygen site. In previous calculations, there are two kinds of
stable adsorption configurations existing on the OV. In Figure
5e, the oxygen of HCHO is filled into the oxygen vacancy with
the CH2 group standing upright. Another stable structure is a
chemical adsorption in which one of the C=O bonds is
weakened and the C atom of HCHO binds to the adjacent
bridging bonded oxygen. Therefore, the diagram of this
structure is between the original vacancy and the adjacent
oxygen atom, as shown in Figure 5f. Considering the obvious
difference between the two molecule positions, panels e and f
of Figure 5 correspond to the structures of the protrusions in
panels c and d of Figure 5, representing physical and chemical
adsorptions on OV, respectively.
With further investigation of the physical adsorption’s fuzzy

behavior, we found that it strongly depends on the scanning
parameter, as Zhang et al. have reported.44 We did detailed
experiments to explore the connection between the feature and
the scanning parameter. Figure 6 shows a series of STM images
of HCHO adsorbed on the OV sites with different imaging
conditions. When we decreased the voltage to +1 V with the
same tunnelling current, the protrusion on the OV changed to
a stable bright spot. This protrusion tilted to the left side of the
original OV site (Figure 6b). The fuzzy character reappeared
after the scanning voltage was turned back to +1.25 V (Figure
6c). When the voltage changed to +1 V once again, another
stable feature with the location of this protrusion moving to
the right of the oxygen vacancy was observed (Figure 6d).
However, after the voltage was switched one more time, the
protrusion was stabilized at the original OV site. The pattern of
the bright feature is similar to H on the BBO site (Figure 6f).54

In various trials, only these three kinds of stable protrusions are
observed. Considering the left and right ones are symmetrical,
actually there are only two stable structures. We suggest that
different orientations are derived from the CH2 group. In the
left and right ones, the CH2 group points to one side of the

Figure 5. STM images of formaldehyde adsorption on the oxygen
vacancy sites. (a and b) Bare surface in the in situ experiment. By
adding lattice grid, the oxygen vacancies coincide with the green line.
(c and d) After HCHO adsorption, two types of HCHO adsorbed on
the OV site are observed. The fuzzy spot (c) is on the exact original
OV site, but the smooth spot (d) is tilted. (e and f) Optimized
adsorption geometries of HCHO binding on the OV site.

Figure 6. Switch between fuzzy and stable characters (1.7 nm × 1.7 nm). (a, c, and e) The fuzzy feature of HCHO adsorbed on the OV site under
+1.25 V and 100 pA. When the scanning voltage decreased to +1.0 V, the protrusion became stable, and panels b, d, and f are three distinct
protrusions on different positions relative to the original OV site.
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BBO rows, whereas in the case of Figure 6f, the CH2 stands
upright. The fuzzy feature represents the conversion between
these physical adsorption states under higher bias. The
conversion rate on the OV might be too low, compared to
that on Ti5c sites, to image a state superposition behavior, and
only fuzzy lines can be obtained.
We have systematically investigated the adsorption of

HCHO on the reduced TiO2(110) surface. New distinctive
adsorption features were observed, which were identified with
the combination of STM techniques and DFT calculations.
The mouse state and the cross state appear on the Ti5c sites.
The physical adsorption and chemical adsorption are
distinguished on the OV sites. The results afford a clarification
of the adsorption features of HCHO on TiO2, which should
have important implications for the mechanical understanding
of the photocatalysis mechanism.

■ METHODS
Experiments were performed in an ultrahigh vacuum (UHV)
low-temperature (LT) STM (Matrix, Omicron). Because low
partial pressure of water has a severe impact on the HCHO/
TiO2(110) system, the whole chamber was baked out for 80 h
to eliminate water. The base pressure is better than 4 × 10−11

mbar. The TiO2(110) (Princeton Scientific, 10 × 5 × 1 mm3)
was prepared by repeated cycles of Ar+ ion sputtering (1 keV,
1.5 μA, 10 min) and UHV annealing (850 K, 20 min). A clean
reduced TiO2(110)-(1 × 1) surface was obtained and checked
by STM. Formaldehyde was generated via thermal decom-
position of paraformaldehyde (Sigma-Aldrich, 95% purity),
which was purified via several heat−freeze−pump−thaw
cycles. Formaldehyde was then introduced into the chamber
by a homemade doser. The sample was cooled to 80 K by
liquid nitrogen. The tip was retracted about 20 μm from the
surface to avoid the shadow effect while dosing.
DFT calculations were performed using the Vienna ab initio

simulation package (VASP)55,56 based on the projected
augmented wave (PAW) method57,58 with the GGA and the
spin polarized Perdew−Burke−Ernzerhof (PBE) exchange−
correlation functional.59 A plane wave basis set with kinetic
energy cutoff of 400 eV was used to solve the Kohn−Sham
equations. A periodic slab of six Ti layers cut out of TiO2
crystal separated by a 16 Å vacuum gap was used to model the
TiO2(110) surface. The bottom two layers were fixed to the
bulk structure, and upper layers were relaxed until the force
acting on each atom was less than 0.03 eV/Å. A Γ-point and
Monhkorst−Pack grid of (2 × 2 × 1) for a 4 × 2 surface unit
cell was used for the structure optimization and the electronic
structure calculations, respectively. The STM images were
simulated on the basis of Tersoff and Hamann’s formula60,61

using the bSKAN code.62
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