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Finding the active sites of catalysts and photo-catalysts is crucial for an improved fundamental

. understanding and the development of efficient catalytic systems. Here we have studied the photo-

. activated dehydrogenation of ethanol on reduced and oxidized rutile TiO,(110) in ultrahigh vacuum

© conditions. Utilizing scanning tunnelling microscopy, various spectroscopic techniques and theoretical
calculations we found that the photo-reaction proceeds most efficiently when the reactants are
adsorbed on regular Ti surface sites, whereas species that are strongly adsorbed at surface defects such
as O vacancies and step edges show little reaction under reducing conditions. We propose that regular Ti
surface sites are the most active sites in photo-reactions on TiO,.

Catalysis and photo-catalysis are fields of paramount importance both with a view on the demands on the chem-

ical industry and the challenges in future renewable energy generation as well as to sustain our environment. To
. fulfil all these demands it is crucial to enhance the efficiency of designated chemical processes. One of the most
© promising materials in photo-catalysis is Titania (TiO,)!-°. Besides photo-catalysis, TiO, is used in thermal het-
: erogeneous catalysis, solar cells, gas sensors, and biocompatible materials.

An increasingly important field is the photo-catalytic and renewable generation of fuels, and particularly
ethanol (CH;CH,OH or EtOH) holds great promise in this regard>®. In addition, EtOH is an essential solvent and
it could be used as feedstock in a possible green chemistry in the future’~°. These expectations, and the fact that
alcohols serve as model molecules of catalytic and photo-catalytic processes*1%-12, have stimulated considerable
research efforts towards the thermal and photo-catalytic oxidation of EtOH on TiO,. Numerous studies have been
conducted using TiO, powders, where TiO, nanoparticles (often a mix of the two most common polymorphs,

. anatase and rutile) were used to oxidize EtOH condensed as liquid or in the gas phase'*>-*!. While other work
: has addressed photo-catalytic reactions of methanol (MeOH)*5!1:2-%6 it is worth indicating two fundamental
. differences between MeOH and EtOH. First, because of the carbon-carbon bond the chemistry of EtOH is akin
. to higher hydrocarbons and different from that of C1 hydrocarbons. Second, MeOH is made from syngas and
. therefore not a renewable feedstock.
: In surface science, where single crystalline surfaces can be studied at ultrahigh vacuum (UHV) conditions,
© particular focus has been on the interaction between EtOH and the rutile TiO,(110)-(1 x 1) surface?’%, because
. this surface is the most stable one of rutile and often serves as a model for transition metal surfaces">>*+10-12,
. The TiO,(110)-(1 x 1) surface consists of alternating rows of fivefold-coordinated titanium (5f-Ti) atoms (the
Ti troughs) and protruding, twofold coordinated bridge-bonded oxygen (Oy,) atoms. Following cycles of Ar*
sputtering and vacuum-annealing, the TiO,(110) crystals are reduced, leading to the creation of bulk defects and
. O, vacancies on the surface'*24041 This leads to changes in electronic properties, where the empty Ti3d orbitals
. become populated, leading to a state within the ~3.1eV wide band gap ~0.85eV below the Fermi level (Ej)"40-2,
This Ti3d defect state can be removed upon oxygen adsorption1%40-43,

The adsorption of EtOH and the thermally activated chemistry of EtOH on rutile TiO,(110)—(1 x 1) have been
studied previously by means of photoelectron spectroscopy (PES)?*#, temperature-programmed desorption
(TPD)?7-293233:36-39 femtosecond two-photon photoemission spectroscopy (2PPE)*¢, and scanning tunnelling
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microscopy (STM)****%. In addition, the EtOH-TiO,(110) interaction has been studied using density functional
theory (DFT) calculations®' . The adsorption of an EtOH molecule occurs in a manner similar to that of acid—
base reaction whereby the oxygen of EtOH is adsorbed on a 5{-Ti site. Ambiguity still exists to which extents
EtOH adsorbs molecularly and dissociatively®>>¢.

Some studies also addressed the photo-chemistry of EtOH on rutile TiO,(110)***36-3%, PES and TPD studies
suggest that EtOH converts to acetaldehyde (CH;CHO) and, finally, acetate (CH;COO™) under UV light illu-
mination in an oxygen background®®3!. A 2PPE study also revealed the formation of CH;CHO and reports on a
photo-induced excited state ~2.4 eV above E; for EtOH/TiO,(110) that was associated with the dissociation of
EtOH on 5f-Ti sites*. Finally, applying pump-probe laser ionization techniques, it has been suggested that, in the
presence of oxygen, methyl radicals are produced during the photo-catalytic oxidation of EtOH?.

Here we studied the photo-activated dehydrogenation of EtOH on TiO,(110) in different oxidation states by
combining several surface science techniques and DFT calculations. The active sites on the terraces and at step
edges are identified by high-resolution STM, whereas the chemical identity of the products is unravelled by TPD
and isothermal mass spectrometry (ISOMS) measurements. Utilizing synchrotron-radiation PES, we compare
the rates of EtOH dehydrogenation at 290 K for TiO,(110) surfaces in different oxidation states. A reaction mech-
anism is tested with the help of DFT calculations that explains the experimental observations.

Results

Photo-Reactions of EtOH on Rutile TiO,(110) studied by STM.  To test the influence of the oxidation
state and the surface structure on the photo-reactivity of EtOH we prepared TiO,(110) samples with different
characteristic point defects on the surface. Among the reduced TiO,(110) surfaces we distinguish between clean,
reduced TiO,(110) surfaces [r-TiO,] characterized by the presence of Oy, vacancies and hydrogenated TiO,(110)
surfaces [h-TiO,] characterized by H adatoms (H,4), capping some of the Oy, atoms. Starting with a clean
r-Ti0,(110) surface, an h-TiO,(110) surface can be easily produced by letting water dissociate at the Oy, vacan-
cies*#>-48, Additionally, we prepared oxidized TiO,(110) surfaces [0-TiO,] by exposing h-TiO,(110) surfaces to
200L O, [1L (Langmuir) = 1.33 x 10~® mbar - s] at 300 K!**!. Such 0-TiO,(110) surfaces are characterized by a
diminished Ti3d gap state, by perfect Oy, rows (no Oy, vacancies) and by a number of O adatoms (O,,) located
on-top of 5{-Ti sites in the Ti troughs (Fig. 1¢, inset). The O, adatoms show up in the STM images as protrusions
distributed along the Ti troughs!®#!464%0_Tn empty-state STM images of TiO,(110), the Ti troughs appear bright,
whereas geometrically protruding Oy, atoms appear dark'%*. Accordingly, the O, vacancies on r-TiO,(110)
appear as protrusions along the dark rows, “connecting” bright Ti troughs (Fig. 1b, inset).

Following the saturation of an r-TiO,(110) surface with EtOH at 300K [Fig. la,b: EtOH/r-TiO,(110)] we
found bright protrusions on (34 & 2)% of the 5{-Ti sites that arise both from EtOH; molecules and EtO-; ethox-
ides (EtOH;/EtOr;)*2. The EtOHp; molecules and EtO; ethoxides appear in the STM images with very similar
contrast®, allowing their distinction solely at low coverage. In addition, adsorbates occurred in the Oy, rows
(marked by dotted circles in Fig. 1b) that are ascribed to EtOy, ethoxides, resulting from the dissociation of
EtOHp; molecules at Oy, vacancies®?. New adsorbates also occurred along the step edges running parallel to[111]
and [111] directions (Fig. 1a, inset), which are ascribed as EtOg ethoxides (“S” stands for step)**. The EtOg ethox-
ides are adsorbed at the upper terraces and located at the end of the Oy, rows®. Both ethoxide species (EtO,, and
EtOg) are strongly bound at O vacancies®>®.

When starting instead with an o-TiO,(110) surface, we again obtained EtOH; molecules and EtO-; ethoxides
in the Ti troughs [Fig. 1c: EtOH/0-TiO,(110)]. However, this time no EtOy, ethoxides were formed, because no
O,, vacancies existed at which the EtOH molecules could dissociate. In addition, on EtOH/0-TiO,(110), the
density of EtOg ethoxides was considerably lower than on EtOH/#-TiO,(110). On EtOH/0-Ti0,(110), the density
of O, adatoms was (10.1 £ 0.5)%ML [1 ML (monolayer) is the density of the (1 x 1) unit cells, 5.2 x 10'4/cm?]
and the coverage of EtOH;/EtOy; species was (24.1 & 0.8)% ML. Because the EtOH; and EtO.; species pro-
trude much more from the surface than the O, adatoms®*** the O, adatoms cannot be seen in the STM images.
However, before the sample was exposed to EtOH, the O, adatoms were well-resolved in the STM images (Fig. 1c,
inset). Thus, we analysed the images acquired on 0-TiO,(110) before the EtOH exposure to estimate the O, ada-
tom density.

Following UV-light illumination for 11 min at 290K [365 nm; ~2 x 10'® photons/(s - cm?)] we obtained
clear changes on both EtOH-covered TiO,(110) surfaces, as illustrated by the STM images shown in Fig. 1d-f.
Importantly, all the adsorbates in the Ti troughs, EtOHy; and EtO-; species, disappeared on EtOH/r-TiO,
(Fig. 1d,e) and EtOH/o0-TiO, (Fig. 1f). Solely the EtOy, and EtOg ethoxides on r-TiO,(110) did not (or rarely)
photo-react (in Fig. 1b,e all the EtOy, species are marked by white dotted circles). In addition, H,4 species were
evident on both surfaces in very high densities [r-TiO,: (27 &= 1)%ML; 0-TiO,: (354 1)%ML]. Single H,4 species
appear brighter than Oy, vacancies'®!>#¢%7 (some are marked in Fig. le,f,i by white hexagons). Note that H,4
species adsorbed closely to each other within the Oy, rows appear as extra-bright, elongated protrusions (see
the examples indicated by the rectangles in Fig. 1e,f). Regarding the EtOH/0-TiO,(110) surface, notice that no
O, adatoms remained on the surface after illumination with UV light (Fig. 1f). This can be explained through
the recombination of H,q4 species (created in the course of the photo-reaction) with O, adatoms!%***!, Thus,
water molecules are formed in the photo-reaction. These water molecules greatly facilitate the diffusion of H,4
species?”*8, which explains why all the O, adatoms were reacted off. Because we observed only few water mono-
mers> in the STM images in Fig. 1d-f, many of them must have desorbed from the surface: 2H 4+ 0O, — H,O 1.

Subsequent annealing of the two TiO,(110) samples at 550-630 K for 2 min led to r-TiO,(110) surfaces
without any H_q4 species, regardless whether we started the experiment with r- or 0-TiO,(110), see Fig. 1g-i.
Interestingly, the r-TiO,(110) surfaces obtained after brief annealing at this high temperature were characterized
by Oy, vacancy densities that were about twice as high as those found on the clean r-TiO,(110) surfaces at the very
beginning of the experiments. These enhanced Oy, vacancy densities originate from the recombinative desorption
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Figure 1. STM study of EtOH photo-reactions on r- and 0-TiO,(110) surfaces. (a) STM image

(420 A x 420 A) obtained after exposing an r-TiO,(110) surface to EtOH at 300K. (b) Zoom-in STM image
(130 A x 130 A) corresponding to the data in (a) that allows to distinguish between EtOHy,/EtOr; and EtO,,
species. (¢) Zoom-in STM image (130 A x 130 A) obtained after exposing an 0-TiO,(110) surface to EtOH at
300K. Insets in (b,c) display (40 A x 40 A) areas on the pristine r- and 0-TiO,(110) surfaces. (d—f) Corresponding
STM images obtained after illumination of the EtOH-covered surfaces with UV-light for 11 min at 290 K in
UHYV. Insets in (a,d) show the indicated areas (40 A x 40 A) enlarged. (g-i) Corresponding STM images obtained
after subsequent annealing of the TiO,(110) crystals for 2 min at ~550K (g,h) and ~630K (i), respectively.
Symbols indicate Oy, vacancies (squares), an O, adatom (circle), EtO,, ethoxides (dotted circles), EtOg ethoxides
(arrows), isolated H,4 species (hexagons), and rows of H,4 species (rectangles), respectively. The Ti troughs are
indicated in (b,c) and in the insets of (a,d) by thin white lines. STM images were collected with a tunnelling
current <0.1nA and a tunnelling voltage of ~1.2'V. The STM images are shown enlarged in the Supplementary
Information (Figs S1-S9).
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Figure 2. ISOMS data acquired during EtOH photo-reaction at 290 K. Black curve: r-TiO,(110); red curve:
0-Ti0,(110). Prior to the experiments both TiO,(110) surfaces were saturated with EtOH at 300 K. The inset
displays the experimental setup. The quadrupole mass spectrometer (QMS), the TiO,(110) crystal (light brown
block) and the direction of the incident light are indicated.

of H,4 species — a reaction that includes the formation of water molecules and the consumption of Oy, atoms:
2H,4+ Oy, — H,0 1%4%. The formation of H,4 species within the photo-reaction of EtOHy; and EtOy; species is
confirmed by these annealing-experiments. Additional STM studies (Fig. S10 in the Supplementary Information)
and water-TPD measurements (Fig. S11) further corroborate the formation of H,4 species in the photo-reaction
on EtOH/r-TiO,(110).

Evidence for acetaldehyde formation by mass spectroscopy. When illuminating EtOH/7-TiO,(110)
and EtOH/0-TiO,(110) surfaces in UHV, the H,4 species are the sole detectable reaction product on the surfaces
(Fig. 1la—f). This finding implies that all other products are ejected into the vacuum immediately after their forma-
tion. To identify these products we conducted time-resolved ISOMS experiments (Fig. 2). In such experiments,
the reaction products are detected with a mass spectrometer in-situ as a function of time and at a given sample
temperature. The experimental setup is sketched in the inset of Fig. 2. During the ISOMS experiments the sample
was held at 290K (as in the STM experiments) and masses m/z= 18; 26; 29; 31; 43; 44 were recorded. Regardless
whether we started with EtOH-saturated r-, h- or 0-TiO,(110) surfaces, no m/z= 31 peak was detected, but we
always detected a peak for m/z= 29 when the light was switched on. Because the base peak of EtOH is m/z= 31,
simple photo-desorption of the EtOH species in the Ti troughs can be ruled out. Instead, on the basis of the
known cracking pattern of acetaldehyde®, we conclude that the m/z = 29 signals originate from acetaldehyde
(CH;CHO). The m/z= 29 signal obtained for EtOH/0-TiO,(110) was more intense than that obtained for
EtOH-covered h- and r-TiO,(110) surfaces [Fig. 2, data for EtOH/h-TiO,(110) (not shown) are very similar to
those found for EtOH/r-TiO,(110)]. In each case the m/z= 29 signals dropped down to the base line in less than
1 min illumination time, indicating that the EtOH photo-reactions have completed.

EtOH photo-reaction on r-TiO,(110) in the presence of oxygen. In contrast to EtOH; and EtOy
species, the EtO,, and EtOg ethoxides strongly bound to O vacancies on EtOH/r-TiO,(110) did barely photo-react
in UHV (Fig. 1b,e). An analysis of STM images acquired before and after UV-light illumination for 11 min
revealed no clear changes in the densities of EtO,, and EtOg ethoxides. Nevertheless, a 30 min illumination with
UV light decreased the density of EtOy, ethoxides by ~34%. To photo-react more of the EtO,, and EtOg ethoxide
species we conducted another STM experiment wherein the photo-reaction was carried out in an O, background.
This experiment was started with a TiO,(110) surface with EtO,,/EtOg ethoxides and H,4 species prepared by illu-
minating an EtOH/r-Ti0O,(110) surface with UV-light for 7 min (Fig. 3a,b). The STM images in Fig. 3a,b are alike
those presented in Fig. 1d,e because the corresponding sample preparations were almost identical. Subsequently,
the sample was illuminated in ~5 x 107® mbar O, for 25min at 290K (Fig. 3c,d) and another 20 min at the same
O, pressure and temperature (Fig. 3e,f). In O,, the EtOy, ethoxide species photo-reacted indeed more efficiently,
as was evident from there diminished occurrence. For example, within 25 min the density of EtOy, ethoxides
decreased from (6.1 4 0.2) to (2.2 £ 0.1)%ML. At the same time, we found that two new types of adsorbates
(denoted “A” and “B”) had appeared in the Ti troughs. In Fig. 3d,f, we indicate some of the newly formed adsorb-
ates in the Ti troughs. Along the [001] direction, these reaction products are centred in between two 5f-Ti sites.
After a total illumination time of 45 min only (0.5+ 0.1)%ML EtOy, ethoxides remained. The densities of the
new reaction products in the Ti troughs (sum of both types) were (4.0 % 0.3)%ML and (6.3 £ 0.4)%ML for 25
and 45 min total illumination time, respectively. Clearly, the photo-reactivity of the EtOy, species is considerably
higher in an O, background than in UHV, and new products are formed in an O, background that are stable on
the TiO,(110) surface at 290 K.

The EtOg ethoxides, however, are even more difficult to photo-react than the EtO,, ethoxides (Fig. 4). In the
experiment corresponding to Fig. 4a,b, we illuminated an EtOH/r-TiO,(110) surface with UV light in ~5 x 1078
mbar O, for 45 min. It can be seen that the species adsorbed along the step edges running in[111]and[111] direc-
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Figure 3. STM study of the photo-reaction on EtOH/r-TiO,(110) in oxygen (fate of EtOy, ethoxides).

(a,b) STM images (240 A x 240 A and 68 A x 68 A, respectively) of an illuminated EtOH/r-TiO,(110) surface.
The UV-light illumination was accomplished at 290K in UHV. (c,d) STM images of the same sample after
illumination in 5 x 108 mbar O, at 290K for 25 min. (e,f) STM images of the same sample after additional
illumination in 5 X 10~8 mbar O, at 290K for 20 min. Symbols indicate H,4 species (hexagons), EtOg ethoxides
(white arrows) and EtOy, ethoxides (black crosses). Occupied adsorption sites of unidentified products “A”
(dotted black circle) and “B” (black circle) are indicated by green and pink dots, respectively. Lattice grids in
(b,d,f) are centred on-top of 5f-Ti sites.

tions (some are marked by white arrows) appear in between the Ti troughs, i.e. at the end of the O, rows on the
upper terraces. This observation confirms the assignment of these protrusions to EtOg ethoxides®*. Notably, the
occurrence of the EtOg ethoxides did not decline, in spite of the long illumination time in the presence of
oxygen.

Another aspect regarding the EtOH photo-reaction experiments in O, worth noting is the lowered coverage
of H,q species. The STM images depicted in Fig. 3 and 4 show this quite clearly. Apparently, oxygen reacts the H 4
species off, forming water. Not all of the H,4 species reacted at the chosen conditions (see Fig. 3f and 4b).

EtOH photo-reactions on o- and h-TiO,(110) surfaces studied by PES. To compare the
photo-assisted dehydrogenation of EtOH; and EtOy; species on the terraces of reduced and oxidized TiO,(110)
surfaces in more depth, we collected PE ClIs spectra at the ASTRID storage ring in Aarhus®. In the first series of
PES experiments we started with an 0-Ti0,(110) surface, and in the second series with an 4-TiO,(110) surface
(Fig. 5). Starting with h-TiO,(110) was preferred over r-TiO,(110), because the acquisition of the PES data took
long time and thus an r-TiO,(110) surface would gradually be changed into h-TiO,(110)%. Each series of exper-
iments was conducted in UHV and repeated two times. The sample temperature was throughout kept at 290 K.
The two Cls signals in the PE spectra arise from the carbon atoms in the ~-CH,0- and -CHj groups®*3%44, As
shown in Fig. 5a for 0-TiO,(110), the CIs signals attenuated upon UV-light illumination. However, the CIs signal
did not reach zero, even after UV-light illumination for 11 min. Because we know from our STM studies that the
EtO; ethoxides do not photo-react and no EtO, species exist on EtOH/0-TiO,(110), we consider the C1s signal
detected after 11 min illumination time to be exclusively due to the EtOg ethoxide species. Before the illumination
of the EtOH/0-Ti0,(110) surface, the CIs signal originates from EtOHy; and EtOv; species on the terraces (Ir;), as
well as EtOg species bound along the step edges (I5).

Figure 5b shows the attenuation of the CIs signals for EtOH/o- and EtOH/h-TiO,(110) surfaces as func-
tion of the illumination time (filled red and green dots). To extract the contributions to the CIs signals arising
solely from the EtOH; and EtOq; species, Iy; (ClIs), we subtracted the signal arising from the EtOg ethoxides, Ig
(C1s) from the measured signal, I, (CIs). It can be seen that I; (ClIs) attenuates exponentially on both TiO,(110)
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EtOH / r-TiO, + UV in UHV + 45 min UV in O,

Figure 4. STM study of the photo-reaction on EtOH/r-TiO,(110) in oxygen (fate of EtOg ethoxides).

(a) STM image (220 A x 220 A) of an illuminated EtOH/r-TiO,(110) surface. The UV-light illumination was
accomplished at 290K in UHV. Few EtOg ethoxides are indicated by white arrows. (b) STM image of the same
sample after illumination in 5 x 108 mbar O, at 290K for 45 min. White lines are superimposed on the Ti
troughs. These STM images are shown with higher contrast than the images in the other figures.
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Figure 5. Photo-reactions on EtOH/0-TiO,(110) and EtOH/h-TiO,(110) surfaces studied by PES. (a)

Cl1s PES data (dots) collected with photon energy (hv) of 350V on EtOH/0-TiO,(110) following UV light
illumination at 290K for 0 and 11 min, respectively. Spectra are offset for clarity. Gaussian fits to the data are
shown as red curves. (b) Logarithmic plot of the normalized integrated areas of the CIs spectra as function of
illumination time (filled green and red dots) and X-rays (open green and red dots), respectively. Starting points
in these experiments were h- (green) and 0-TiO,(110) surfaces (red) that were saturated with EtOH at 290 K.
Full lines are exponential fits to the data points, and the shaded areas display the standard deviations of these
fits. Contributions of the non-reactive EtOg ethoxides (I5) have been subtracted from the integrated intensity I,,
of the measured CIs spectra. Accordingly, the plot shows the contributions to the CIs signals arising exclusively
from the EtOHy; and EtOv; species, I; (Cls).
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Figure 6. DFT modelling of the acetaldehyde formation on TiO,(110). Energy profiles for EtOHy; adsorbed
on[TiO,(110) ]+ on- (@) and [TiO,(110)]° (d) supercells. The formation of EtOy; ethoxides is considered in
(b,e), and the formation of acetaldehyde species (CH;CHOy;) is addressed in (c,f). All adsorption energies are
given in eV. Small red-brown balls represent 5f-Ti atoms, large dark-grey balls Oy, atoms and large light-grey
balls in-plane O atoms. Atoms of the adsorbates are displayed as follows: C atoms: black balls; H,4 species: small
yellow balls; O atoms: large pink balls. Corresponding band schemes, each consisting of the conduction (CB)
and valence band (VB), are shown in the insets of (b,c,e,f). Filling of the bands is indicated by dark yellow
colour, and positions of the Fermi level (Eg) are indicated by dashed lines.

surfaces, with the attenuation on 0-TiO, being more than two times faster than on h-TiO, (see the solid lines in
Fig. 5b). Thus, also the PES data show that o-TiO,(110) surfaces are advantageous for the photo-assisted dehy-
drogenation of EtOH. Figure 5b further shows that the influence of the X-rays on the C1s signals (open dots) is
measurable but negligibly small with the used low-intensity X-ray beam.

DFT modelling of the EtOH photo-reaction on TiO,(110). To further explore the photo-oxidation
of EtOH on Ti0,(110) in different oxidation states we performed first-principles DFT calculations (Fig. 6).
In our theoretical analysis we assume that the photo-reaction of EtOH on TiO, proceeds via oxidation by
photo-generated holes and that the photo-electrons are trapped at the surface***. As possible trapping sites for
electrons and holes we considered the splitting of a neutral water molecule in OH and H fragments that adsorb on
5f-Ti sites and Oy, atoms, respectively. The two fragments act as trapping sites for electrons (OHp;)*>* and holes
(H,4)*>, respectively.

First, we studied the effect of the hole on the photo-reaction of EtOH (Fig. 6a—c). To this end, we used a stoi-
chiometric TiO,(110) supercell with an OHy; group adsorbed on one side, denoted[TiO, (110)]" oy In order to
maintain the hole created by the addition of the OHr; group, it is essential to use a stoichiometric rather than a
reduced supercell””. In agreement with previous computational results®*>**% and TPD data*’-2** we found that
the adsorption strength of molecularly (—0.79 eV) and dissociatively (—0.71eV) adsorbed ethanol is strongest
on-top on 5f-Ti sites and almost degenerated. Because the barrier for EtOH; dissociation via O-H bond scission
is only ~0.28 V32 we consider the EtOy; ethoxide (Fig. 6b) as the given intermediate for acetaldehyde (CH;CHOx;)
formation (Fig. 6¢). The reaction of the EtOy; ethoxide to CH;CHOy; is initiated by breaking of the C,-H bond,
followed by H transfer to the O, row and completed upon formation of the C, = O double bond. On the
[TiO,(110)]" oy~ supercell (Fig. 6a), this reaction is barrier-less (i.e., it occurs spontaneously) and extremely
favourable (—1.50eV). The alternative pathway, the desorption of EtOH-; into the gas phase, is hindered by a
barrier of ~0.79€V [cf. EX (EtOH) in Fig. 6a]. Thus, the photo-induced dehydrogenation of EtOy; ethoxide to
CH,;CHOy; is the preferred reaction on [TiO,(110)]" oy-. Once it has formed, a CH;CHOy; molecule cannot
recombine again to EtO; ethoxide, because this process is hindered by a ~1eV high barrier. Apparently, this
computational approach leads to results that are in good agreement with the experimental results on the EtOH
photo-reaction.

For comparison, we also studied the interaction of EtOHy; and EtO; species with a stoichiometric supercell
without an OHy; group, which is denoted [TiO,(110)]° (Fig. 6d-f). This was done to simulate the thermally acti-
vated dehydrogenation reaction as opposed to the photo-catalytic reaction. For this supercell we found that the
reaction of EtOy; to CH;CHOv; is hindered by a high barrier, ~1.42eV [cf. Eg (EtO-ald.) in Fig. 6d], which is in
good general agreement with experimental results for dehydrogenation reactions on metal oxides’. Accordingly,
on [Ti0,(110)]°, desorption of EtOHy; is more favourable than the formation of CH;CHOy, [cf. Eg (EtOH)]. On
both supercells considered, [TiO,(110)]° and [TiO,(110)]" o> the CH;CHOy; molecules are rather weakly
bound to 5f-Ti sites via the oxygen lone pairs (Fig. 6¢,f). With both supercells we computed adsorption energies
of —0.64eV [cf. EX (ald.) and E;{ (ald.), respectively], and the ejection of CH;CHOx; into the gas phase is more
favourable than the reconversion to the initial EtOy; state. Accordingly, acetaldehyde is expected to desorb at
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290K, the temperature at which we studied the photo-reaction of EtOH. Thus, these DFT calculations are in good
agreement with the experimental observations.

To elucidate the reason why an EtOx; species on a[TiO, (110) ]+ on- supercell reacts favourably to CH;CHOr
but not on [TiO,(110)]° we studied the electronic structure of the considered EtOy, and acetaldehyde species, the
results of which are shown in the insets of Fig. 6b,c,e,f. When an EtO-; reacts to CH;CHOw;, the overall electronic
effect is the transfer of two electrons from the EtO; ethoxide to TiO, states. Thus, for each photon two electrons
are created — an effect that is well documented in the literature and often referred to as the “current doubling
effect”%°, On the [TiO,(110)]" oy supercell (insets in Fig. 6b,c), one of the two electron is captured by the
(photo-generated) hole, leading to electron transfer to the top of the valence band (VB), and the other is trans-
ferred to the TiO, conduction band (CB). In contrast, on [TiO,(110)]° both electrons are transferred to the
TiO,-CB (insets in Fig. 6e,f), which costs more energy. That is, the reaction is favoured on [TiO,(110)]" oy~
because energy is gained when one of the electrons is transferred to the top of the TiO,-VB rather than to the
much higher level at the TiO,-CB.

Discussion

The experimental results addressing the photo-reaction of EtOH on rutile TiO,(110) presented above are consist-
ent with the following scheme: First, EtO; species (CH,CH,Oy;) react with holes (h*), leading to the formation
of ethoxide radicals:

CH,CH,Or, + h" — CH,CH,Oy, (1)

The ethoxide radicals react further via proton and electron transfer, leading to the formation of acetaldehyde
and H,4 species:

CH,CH,0;, — CH,CHO(g) + H,, (2)

Such a direct oxidation of EtOH on TiO,(110) by the holes is fully supported by our DFT modelling. Further,
this scheme is in line with previous spectroscopic studies, wherein EtOH and MeOH are reported to act as effec-
tive hole traps in photo-catalysed reactions®®-%2. Our results obtained on model surfaces in UHV are thus in
remarkable agreement with TiO, powder studies where TiO, nanoparticles (anatase and rutile) were used to
oxidize EtOH condensed as liquid or in the gas phase!*-2!. Most interestingly, two active sites have been proposed
in the EtOH photo-reaction on the TiO, particles, leading to the formation of acetaldehyde and formate/acetate,
respectively'3-?!. These two active sites are distinct because of large differences in the observed reaction rates. This
comparison suggests that the rutile TiO,(110) surface may serve as a good model for TiO, nanoparticles that are
used in many applications.

Another important result of our study is that the photo-reaction proceeds faster when the EtOH/EtO spe-
cies are bound to regular surface Ti sites — the 5f-Ti sites. In fact, our STM studies uncover large differences in
photo-reactivity between the various EtOH-related species on the TiO,(110) surface (Figs 1, 3 and 4). Whereas
the EtOH;/EtOy; species were so highly reactive that even the low-intensity X-rays led to the removal of some
adsorbates (Fig. 5b), the EtOy, species photo-reacted only in oxygen (Fig. 3) and the EtOg species did not react
at all at the tested conditions (Fig. 4). We note that such differences, although very clearly seen by STM, are very
difficult to recognize in spectroscopic studies.

The observed low photo-reactivity of the ethoxides strongly bound at Oy, vacancies and step edges may sug-
gest that these adsorption sites constitute only a minor channel within the overall photo-reaction of EtOH on
TiO,(110). Previous work®® on the photo-oxidation of trimethyl acetate [TMA or (CH;);CCOO] on r-TiO,(110)
showed an inhibition of hole-mediated photo-chemistry when the molecules are bound to O, vacancies. These
two examples [the TMA/r-TiO,(110)% and EtOH/r-TiO,(110) - this work] indicate that the site requirement is
independent of the specific organic molecule. We thus propose that regular surface Ti sites are mostly the active
sites for hole-mediated photo-reactions on TiO,. Moreover, the step sites may contribute in the photo-reactivity
in cases where the adsorption of the molecules is the limiting factor.

Among the studied TiO,(110) surfaces the EtOH; and EtO.; species photo-reacted best on 0-TiO,(110), in
agreement with previous reports on other photo-catalysed reactions on rutile TiO,(110)*!"%4, From PES studies it
is well-established that the adsorption of oxygen on reduced TiO, surfaces leads to the depopulation of the Ti3d
defect state in the band gap and an upward bending of the VB and CB’s"*"%>. This upward band bending near
the TiO,(110) surface facilitates the charge carrier separation and drives the photo-generated holes towards the
surface, thereby increasing the photo-reaction rate of hole-mediated reactions at the surface®. Furthermore, the
depopulation of the defect state decreases the number of electrons in the near surface region - thus the rate for
the recombination of holes and electrons is decreased. In addition, we note that the presence of O, adatoms on
the TiO,(110) surface probably shifts the mix of EtOH;/EtOx; species more towards the EtOr; side, which should
also facilitate the formation of acetaldehyde!’.

Comparing the presented data addressing EtOH/TiO,(110) to those reported recently for MeOH/TiO,(110)?*-2
we find both similarities and differences. Common in these studies and in our work is that the 5f-Ti sites are con-
sidered as important sites for photo-catalytic reactions on TiO,(110). In addition, methoxy groups are reported
to be active species in photochemical hole scavenging reactions of MeOH on TiO,(110)%, similarly as we find
that ethoxides in the Ti troughs are photo-active in case of EtOH/TiO,(110). However, Zhou et al. reported
time-dependent 2PPE measurements, indicating that defects have a strong positive effect on the photocatalytic
kinetic process®. Specifically, it was suggested that “surface defects and/or subsurface defects on the TiO,(110)
surface enhance the photo-catalyzed MeOH dissociation rate by significantly lowering the photoreaction
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barrier”?. This conclusion appears to be opposite to what we found for EtOH/TiO,(110). Further studies are
needed to explore the similarities and differences between these two systems.

Conclusions

We have studied site-specific photo-reactions of EtOH species on TiO,(110) in different oxidation states and
showed that the photo-reaction of EtOH on TiO,(110) proceeds most efficiently when the reactants are adsorbed
on regular surface Ti sites on TiO,(110) surfaces with O, adatoms. On the contrary, strongly bound ethoxides,
either adsorbed in Oy, vacancies or at defects sites associated with the step edges, photo-react very slowly. When
the photo-reaction was carried out in UHV at 290K, acetaldehyde desorbed into the gas phase, whereas the sec-
ond product, H,4 species, stayed on the surface. On the basis of the presented atomistic insights and literature data
we propose that regular surface Ti sites are the most active sites in photo-reactions on TiO, surfaces. In contrast,
low-coordinated defects sites on the terraces and at the step edges are least active and the presence of oxygen is
required to induce photo-reactivity of molecules at these sites. The rutile TiO,(110) surface, providing both reg-
ular Ti sites and defect sites, may serve as a good model for studying relevant processes on TiO, nanoparticles,
since loosely and strongly bound adsorbates can be studied simultaneously.

Methods

Experimental details. The STM and TPD experiments were carried out in an UHV chamber with a base
pressure in the low 107!! Torr range equipped with a homebuilt, variable-temperature Aarhus STM, a QMS, and
standard facilities for sample preparation and characterization®. The Aarhus STM used in this study is capable
of fast scanning at high resolution in a temperature range between 100 and 400 K. Electrochemically etched
tungsten tips were used in all the STM experiments. The differentially pumped QMS (Balzers) was connected to
the main chamber via a closed cone with a small aperture (d ~ 3 mm) facing the sample at a distance of ~1 mm.
This design ensures that only molecules released from the sample can reach the QMS. The temperature of the
sample could be varied from 100K using liquid nitrogen to 1200 K by heating the back side of the sample with
a filament and electron bombardment. The sample temperature (measured using a K-type thermocouple) was
controlled and recorded with a Eurotherm temperature controller that contains an automatic compensation of
ambient temperature changes.

To obtain clean TiO,(110) surfaces, the crystals were Ar* sputtered at 300K and vacuum annealed at
880-950K several times. A short flash to ~600 K was applied when the sample reached 300K after vacuum
annealing in order to free the sample from water and H,4 species that result from water adsorption during the
cooling of the sample after the 20 min anneal*. The used TiO,(110) samples were characterized by O, vacancy
densities between 6.1 and 10.8% ML. All the STM images presented in this study were acquired in the constant
current mode with a tunnelling voltage of ~+1.25V and a tunnelling current of ~0.1 nA. Throughout, the sample
was kept between 110 and 135K during scanning.

The analysis of the STM data corresponding to Figs 1 and 3 rely on scanned areas of at least ~3000 nm? for

n = 2
each given density and the given error bars represent the standard error 2, with o = . ,M being the

standard deviation of the counted adsorbates, or Oy, vacancies, and n beinng the number of the analysed STM
images of the same size.

The PES CIs measurements were conducted at the ASTRID synchrotron radiation facility in Aarhus® at the
SGM1/Scienta beamline, using a low-intense synchrotron beam and a Scienta 200 analyser. The photon energy,
hv, was 350V and the pass energy, E,,, was set to 75eV. The PE CIs spectra were recorded at normal emission
with the sample at 290 K. Great care was taken to avoid beam damage, which we identified to be a serious problem
for this particular system and the chosen sample temperature. For each surface, h- and o-TiO,(110), respectively,
three series of UV light experiments were carried out. Additionally, we conducted for each surface two series of
control experiments to check for beam damage. The positions of the C1s peaks were calibrated using a gold refer-
ence. The CIs spectra were normalized to the photon flux and a linear background was subtracted. Subsequently,
the spectra were fit with two Gaussian peaks to extract the integrated intensity I,, of the measured Cls spectra
(the area of the Gaussian fits). For each surface, the three data series were fit with a global exponential function
I(t) = I(t)+1, where I(t) = I,y exp(—t/7), and I, , and I, were allowed to vary for each series, whereas the lifetime
T was constrained to be the same. The fits were weighted with the standard deviations of the C1s peak area.

For the EtOH exposures we used directional dosers, containing a 10 pm glass capillary array disk of ~8 mm
diameter. For the exposures, the samples were placed in front of the doser at a distance of ~1 mm. When using
such a microcapillary array doser, the local EtOH pressure at the TiO,(110) surface is unknown, but unwanted
exchange reactions at the chamber walls are kept at a minimum.

The UV-light illumination was accomplished in all the experiments with an UV-A LED source (Optimax 365)
with a peak emission at 365 nm (~3.4eV) and a full-width-at-half-maximum (FWHM) of 10 nm. The LED source
was mounted outside of the UHV chambers at a CF35 viewport, and the light intensity in front of the sample was
estimated to be ~2 x 10'® photons/(s - cm?), which corresponds to ~20 mW/cm?

Computational details. The DFT calculations were performed using the GPAW program®, where the
electrons are described using the projector augmented wave (PAW) method in the frozen core approximation®.
The generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional” was used
to describe the exchange-correlation effects. The TiO,(110) surface was modelled using periodic slabs of four
TiO, tri-layers with a c¢(4 x 2) surface unit cell. All four tri-layers and the adsorbates were fully relaxed. The climb-
ing nudged elastic band (NEB) method”" was used to calculate diffusion and dissociation barriers.

The presence of a photo-induced hole at the surface is modelled by introducing a co-adsorbed OH on one side
of the slab. The OH is a spectator molecule and does not break or form any bonds during the reaction of EtOH.
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However, because of its strong electronegativity, the OH attracts an electron from the top of the VB on the stoichi-
ometric slab, thereby producing a slab that is akin to that in the presence of a photo-induced hole*. This method
has been used successfully in describing the photo-oxidation of methyl chloride over TiO,(110) surfaces’.
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