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Ethanol is a prototype molecule used in probing catalytic reactivity of oxide catalysts such as TiO,. In the
present study, we adsorbed ethanol on TiO,(001) at room temperature (RT) and the corresponding bonding
state of ethanol was systematically studied by x-ray photoemission spectroscopy (XPS) using synchrotron
radiation. Especially, we compared TiO»(001) surfaces prepared in ultra-high vacuum (UHV) with different
surface treatments such as Ar‘-sputtering and oxidation with molecular O,, respectively. We find that the
saturation coverage of ethanol at RT varies depending on the amount of reduced surface defects (e.g., Ti*")
which are introduced by Ar*-sputtering. We also find that the oxidized TiO,(001) surface has other type of
surface defects (not related to Ti 3d state) which can dissociate ethanol for further reaction above 600 K. Our
C 1s core level spectra indicate clearly resolved features for the two chemically distinct carbon atoms from
ethanol adsorbed on TiO»(001), showing the adsorption of ethanol proceeds without C-C bond dissociation. No
other C 1s feature for a possible oxidized intermediate was observed up to the substrate temperature of 650 K.

Key Words : Photoemission spectroscopy, Adsorption, Ethanol, TiO»(001)

Introduction

TiO; has been known as a potential photocatalyst not only
for the oxidation of organic molecules? but also for the
water-splitting reaction for the production of H,.* For this
reason, intense research effort has been made to understand
the origin of the TiO,-catalyzed reactions of simple mole-
cules such as H,0,*® 0,,7'% alcohols,!""* and aldehydes.'*!

It has been found that defects on TiO; play a dominant role
in the initial dissociation of such reactant molecules. In
addition to Ti*" interstitials in the bulk, TiO» has various
kinds of surface defects such as oxygen vacancies'®!” and
oxygen adatoms,”!*'® which are reported to be reaction sites
for H,0,>*1" 0,,*1% and alcohols.!" Also, recent reports
indicate that Ti*" interstitials'® in the subsurface region are
important in a catalytic coupling reaction of aldehydes.!*!®

Photoemission studies can provide an important infor-
mation on the electronic nature of such intrinsic defects
which appear as a distinct band-gap state located at 0.9 eV
below Fermi level (Er).?*?! The Ti 3d character of the band-
gap state is observed”' and is generally related to the excess
charge associated with defects near the surface region such
as oxygen vacancies' ' and Ti*" interstitials.'"!°

Surface defects can be intentionally induced by various
surface treatments in UHV. An atomically well-ordered TiO;
surface can be prepared by a few cycles of sputtering and
annealing to 900 K without any significant reduction. Ar'-
sputtering may be used to prepare a Ti**-rich TiO, surface

due to a preferential removal of surface oxygen atoms under
a mild sputtering condition. Also, the reduced Ti*" sub-
surface defects can be removed by the interaction with
molecular O at RT." A prolonged dose of O, (up to 1000 L)
is reported to induce the band-gap state completely sup-
pressed, which is attributed to oxidation of Ti*" interstitials
nearby the surface region.'® Also, the dissociative adsorption
of molecular oxygen over oxygen vacancies is known to
produce another type of surface defect which is an oxygen
adatom.'®

The oxygen vacancy is reported to be a reaction site for
the dissociative adsorption of ethanol.'**?* On the oxygen
vacancy, the adsorption of ethanol proceeds by breaking
O-H bond to produce ethoxy (CH3CH,O-) bound to the
oxygen vacancy and hydrogen bound to a neighboring bridge-
bonded oxygen atom.''**?* A further catalytic decomposition
of such alkoxy species can occur above 600 K through
various competing reaction channels such as dehydration
(alkene), dehydrogenation (aldehydes) and recombinative
desorption (alcohol) as has been studied for simple aliphatic
alcohols such as ethanol**? and propanol.'>%

In the present study, we aim to enhance our understanding
on the interaction of ethanol with such defects on a well-
defined model oxide catalyst such as rutile TiO»(001) using
photoemission spectroscopy. While the oxygen vacancy is
generally accepted to be a reaction site for the dissociative
adsorption of ethanol, the role of other types of defects are
not well-understood. To gain further insight into the role of
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such defects on the catalytic reactivity of TiO,, we compare
the adsorption property of ethanol on TiO»(001) surfaces
with various kinds of surface defects. The new insight
gained from the present study is that the saturation coverage
of ethanol at RT depends on the amount of reduced Ti**
surface defects. While no oxidized intermediate is found
from the RT adsorption of ethanol on our TiO»(001)
surfaces, the saturation coverage of ethanol at RT is found to
be enhanced on the surface with high Ti*" defect concent-
ration. The oxidized TiO,(001) surface is depleted with the
Ti*" defects, but may have oxygen adatoms which are
attributed to the reason for the increase of the maximum
desorption temperature of ethanol. Our C 1s core level
photoemission spectra also confirm that ethanol preserves its
C-C bond on our TiO»(001) surfaces until it desorbs at
around 600 K.

Experimental Details

A single crystal TiO»(001) substrate (0.5 mm thick, one-
side polished, MTI) was cut into 5 mm x 10 mm in size and
ceramic-glued on a thin Ta foil and was introduced into a
UHV chamber attached 7B1 beamline?’ at Pohang Accele-
rator Laboratory (PAL). For a temperature measurement, K-
type thermocouple was spot-welded on the edge of the Ta
foil wrapped around the TiO, crystal. A well-ordered and
clean TiO(001) is prepared by a few cycles of Ar'-sputter-
ing at 1 keV and annealing at 900 K. A clean TiO»(001)
surface showed very sharp integer spots in LEED pattern
indicating a large atomically ordered domain structure has
been obtained.

A fair amount of experimental and theoretical studies were
reported to elucidate the atomic structure of the TiO»(001)
surface.”®3! While the detailed atomic structure may vary
depending on the treatment condition, theoretical studies
show that the ideal (001) surface has two kinds of surface
species which are a four-fold Ti*" and a twofold oxygen.*
Due to the high surface free energy of the (001) facet com-
pared to other facets, the TiO,(001) surface was reported to
undergo a surface reconstruction where the oxygen moves
outwards and the titanium moves inwards.>! Annealing above
1000 K may induce low surface energy facets in which 5-
fold Ti*" may coexist with 4-fold Ti*"* Considering our
experimental conditions, our clean TiO»(001) surface is ex-
pected to be composed of a reconstructed surface with a
four-fold Ti* and a twofold oxygen.

For a systematic preparation of surface defects, oxidation
of TiO»(001) surface was performed by backfilling the
chamber with O, (99.999 %) using a variable leak valve up
to an O, ambient pressure of 107 torr. A defective TiO»(001)
surface was prepared by an Ar’-sputtering (Par=1 x 10°
torr, Ea," = 1 keV, I =1 pA, t = 5 min) at RT.

Ethanol was further purified by repeated freeze-pump-saw
cycles prior to use and was dosed onto the TiO» substrate by
backfilling the UHV chamber using a variable leak valve
while the substrate was kept at RT.

XPS measurements were performed at the 7B1 beamline.
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Photoemission spectra of Ti 2p, O 1s, and C 1s core levels
were taken using a commercial electron analyzer (PHOIBOS
150, SPECS) at a fixed normal emission at RT. Photon
energies used for the measurement of Ti 2p, C ls and
valence band were 580 eV, 335 eV and 55 eV, respectively.
The binding energies of the photoemission spectra were
determined by the position of the Fermi edge of Ta foil in
contact with the TiO, substrate. The C 1s core level spectra
are carefully analyzed using a standard nonlinear least-
squares fitting procedure with Voigt functions.*?

Results and Discussion

We compare Ti 2p core level and valence band spectra of
our three TiO»(001) surfaces, which are an atomically order-
ed TiO»(001), an oxidized TiO»(001), and Ar*-sputtered
TiO»(001) surfaces in Figure 1 and Figure 2, respectively. As
shown in Figure 1, the Ti 2p core level from TiO, is
characterized by the main Ti 2p3, peak at 459 eV, which is
assigned to Ti*" species in the TiO, lattice.** Both the
clean and the oxidized TiO»(001) surfaces show a well-
distinguished single peak at 459 eV, suggesting Ti*" from a
stoichiometric TiO, lattice is a dominant feature for both
surfaces. A detailed comparison between the two surfaces
show a minor shoulder feature (indicated by arrow) on the
lower binding energy side of the main Ti 2p3; peak on the
clean TiO(110) surface. This minor low-binding energy
feature may be attributed to a reduced Ti’" species near the
surface region. It has been reported that the RT oxidation of
TiO4(110) decreases the population of Ti*" interstitials in the
subsurface region.'” On the Ar'-sputtered TiO2(001), the Ti
2psn peak becomes even more pronounced toward lower
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Figure 1. Ti 2p core level spectra taken from clean, oxidized, and
Ar*-sputtered TiO2(001) surfaces. Enhanced population of reduced
Ti*" state on the lower binding energy side of Ti 2ps» peak is
indicated by arrows.
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Figure 2. Valence band spectra taken from clean, oxidized, and
Ar*-sputtered TiO»(001) surfaces. The band-gap state (D) varies on
the three surfaces and reflects the population of Ti 3d state
associated with surface defects such as oxygen vacancies and Ti**
interstitials.

binding energy due to an enhanced population of Ti*" species
on the surface.

The variation of Ti**-related surface defects on the three
surfaces is further examined in the valence band spectra in
Figure 2. The broad feature at 3-9 eV is associated with O 2p
state of Ti0,.2°¢ In addition, the distinct feature (D) at 0.9
eV below Er is named the band-gap state and is associated
with Ti 3d state.’ The clean TiO2(001) surface prepared in
UHYV shows a well-distinguished peak at 0.9 eV, while the
state becomes completely suppressed on the oxidized
TiO,(001) surface. On the Ar'-sputtered TiO»(001) surface,
the gap state is enhanced by three times compared to that on
the clean surface. The magnitude of the band-gap state is
related to the population of Ti*" species (probably in the
form of interstitials) on or near the surface region. In addi-
tion, a depletion of surface oxygen is noted from an attenua-
tion in the O 2p state at 3 eV leading to an increase of the
band gap. Thus, the results in Figure 1 and Figure 2 agree
with each other and compare the relative population of Ti*"
species on the three TiO,(001) surfaces.

Figure 3 shows C 1s core level spectra of ethanol adsorbed
on the clean TiO,(001) surface. The C 1s spectra taken after
successively increasing ethanol dose of 5, 10, 20 L at RT
(not shown here) indicate that the peak intensity does not
increase above 5 L, suggesting that the RT saturation cover-
age is already achieved at the ethanol dose of 5 L. The two
resolved peaks are attributed to the two chemically different
carbon atoms of ethanol. Detailed fitting analysis (in Fig. 3)
reproduces the two C 1s components positioned at 285.3 and
286.6 eV, respectively. The difference in the binding energies
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Figure 3. The C Ls core level spectra taken from ethanol adsorbed
on the clean TiO»(001) surface at RT up to a saturation coverage
and after subsequent annealing to higher temperatures.

between the two components is measured to be about 1.3 eV.
The peak shape is found to be asymmetric and has a tail
toward higher binding energies due to the contribution of
C-H vibrational satellite.’” The peak at 285.3 eV is assigned
to the B-carbon atom(-CH3) and the peak at 286.6 eV to the
a-carbon atom (-O-CH»-).2*3® The intensity ratio between
the two peaks is measured to be 1.6-1.7 (which is far from
1), while we assume a one-to-one ratio in the populations of
the two carbon atoms. We speculate the origin is related to
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Figure 4. The C 1s core level spectra taken from ethanol adsorbed
on the oxidized TiO»(001) surface at RT up to a saturation coverage
and after subsequent annealing to higher temperatures.
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the bonding geometry of ethanol where ethanol is bonded to
Ti** by its oxygen atom, thus makes the B-carbon (CHj-)
more surface-sensitive.

After successive annealing to higher temperatures, both C
1s peaks decrease gradually until they are completely
removed by 570 K. The result agrees with earlier reports
that ethanol adsorbs on TiO, either molecularly on Ti**
sites”*? or dissociatively*>**?® on defect sites as an ethoxy
(CH3CH20-) and a hydrogen (-H). The catalytic decom-
position of the ethoxy may occur at higher desorption
temperatures (> 600 K) followed by desorption of reaction
products. No other feature indicative of any oxidized
intermediate is found.

Figure 4 shows the C 1s core level spectra for ethanol on
the oxidized TiO»(001) surface at RT as well as after sub-
sequent annealing to higher temperatures. We find the two
main C 1s components at 285.2 and 286.5 eV, respectively,
which shows again the difference in the chemical shifts
between the two components to be about 1.3 eV. In addition,
we notice additional features at 289 eV and 284.3 eV,
respectively. In fact, both features are not related to ethanol.
Instead, they are attributed to a possible contamination
introduced on the TiO; surface during prolonged O dose up
to 1000 L in our chamber since we observe the same features
even after the RT oxidation of the TiO»(001) surface. Thus,
we disregard those features in our discussion.

After successive annealing to higher temperatures, we
observe that both C 1s features gradually decrease with
increasing annealing temperatures. We also note that the
ethanol-related C 1s features at 285-286.5 eV persist even
above 600 K.

The increase of the maximum desorption temperature on
the oxidized TiO,(001) surface is related to a stronger
binding site which may involve surface defects such as an
oxygen adatom, where a dissociative adsorption of ethanol
may occur. On TiO»(110), dissociative adsorption of ethanol
is reported to leave ethoxy bound to oxygen vacancy on the
surface.?** After the hydroxyl hydrogen atoms (dis-
sociated from ethanol) desorb from the surface as H,O by
500 K, a recombinative ethanol desorption of ethoxy (left on
the surface) is suppressed because no hydrogen is left on the
surface by that temperature. Instead, catalytic decomposi-
tions of such ethoxy species are reported to occur on
TiO(110) above 600 K.****?% We assume that oxygen vacancy
is depleted on the oxidized surface due to dissociative
adsorption of molecular oxygen, which would necessarily
leave an oxygen adatom on the surface. We speculate that
the C 1s species left after the annealing temperatures above
570 K is related to a dissociatively adsorbed ethoxy on a
surface defect such as a low-coordinated oxygen adatom.

Figure 5 shows the C s core level spectra for ethanol on
our Ar"-sputtered TiO»(001) surface at RT as well as after
subsequent annealing to higher temperatures. We find again
the two main C ls components at 285.2 and 286.6 eV,
respectively. Here, the difference in the chemical shifts
between the two C ls components is measured to be 1.4 eV.
We defy any further discussion on the chemical shift differ-

Ja Hyun Kong and Yu Kwon Kim

C1s Ethanol /Sputtered TiO,(001)
hv=335eV

520 K

470 K

370

20L atRT

Intensity (arb. units)
F %ﬂeang

Lo v b v b b v b b |

292 290 288 286 284 282 280
Binding energy (eV)

Figure 5. The C 1s core level spectra taken from ethanol adsorbed
on the Ar*-sputtered TiO»(001) surface at RT up to a saturation
coverage and after subsequent annealing to higher temperatures.

ence between 1.3 and 1.4 eV considering the uncertainty in
our peak position measurements (+ 0.1 eV). After successive
annealing to higher temperatures, we find again a gradual
decrease of both C 1s peaks until they completely disappear
by 570 K probably due to the desorption of ethanol.

The integrated area of the two C 1s features at 285-286.5
eV may be used to estimate the amount of ethanol adsorbed
on the TiO, surfaces. In Figure 6, we show our estimated
number of ethanol molecules calculated by considering the
sensitivity of C 1s core level compared to O 1s core level.

Othanol vs. annealing temperature

—e— Sputtered TiO,(001)

—e— Oxidized TiO,(001)
—e— Clean TiO,(001)

Number of ethanol (x10"/cm2)

[0 el P T N IS S U T
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Annealing temperature (K)

Figure 6. A variation in the amount of ethanol adsorbed on each
TiO2(001) surface at RT as the substrate temperature is raised to
higher temperatures.
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Due to a possible huge uncertainty associated with our
estimation, we focus on the relative coverage of ethanol on
the various TiO»(001) surfaces. We note here that the initial
saturation coverage of ethanol on sputtered TiO»(001) is
greatly enhanced compared to that on the clean and the
oxidized TiO,(001) surfaces.

Figure 6 also shows how the coverage of ethanol varies on
the various TiO»(001) surfaces at RT as well as after anneal-
ing to higher temperatures. Here, we find two noticeable
trends: (1) On the clean and Ar'-sputtered TiO»(001)
surfaces, the surface coverage of ethanol approaches to zero
by 550 K, while that is extended to higher temperatures
above 600 K on the oxidized TiO»(001). (2) The initial
saturation coverage of ethanol on the Ar'-sputtered TiO»(001)
is higher than that on the clean surface.

The observation (1) gives an additional insight into the
characteristics of the surface defect state of TiO»(001). The
fact that the desorption of ethanol completes by 550 K may
suggest that there is no such defective site as oxygen
vacancies on the clean TiO»(001) surface since it is known
that the dissociative adsorption of ethanol on the oxygen
vacancy of TiO»(110) is removed only above 600 K. While
no oxygen vacancy is expected on the clean TiO»(001), the
valence band in Figure 2 shows the band-gap state sug-
gesting the presence of Ti 3d state. Thus, the band-gap state
is related to Ti*" interstitials instead of oxygen vacancies on
TiO(001).

The observation (2) suggests that the saturation coverage
of ethanol at RT may be related to Ti*" defects on the
surface. The Ti 2p core level of the clean TiO»(001) surface
in Figure 1 shows that the dominant Ti species is in the form
of Ti*" instead of Ti*" defects. In general, it is believed that
the surface concentration of Ti** defects should be in
equilibrium with that in the bulk (or subsurface) after the
final annealing to 900 K. Thus, a major fraction of Ti*"
should be present in the subsurface and may have an influence
on the binding of ethanol at RT. On the Ar'-sputtered
TiO2(001), the excess Ti’" defects on the surface are con-
sidered to be the origin of the increased saturation coverage
of ethanol.

It is also interesting to note that the saturation coverage of
ethanol on the oxidized surface is still comparable with that
on the clean TiO»(001) surface, while the valence band
indicates that the Ti 3d-related defect state is completely
suppressed on the oxidized surface. While it is largely
unknown about the origin of surface defects on the oxidized
TiO»(001) surface, we tentatively attribute our results to the
role of oxygen adatoms for a possible low-coordinated ad-
sorption site, where ethanol may be dissociatively adsorbed.
It requires however further experimental and theoretical
studies to clearly address the exact origin of the binding
interaction of ethanol on the oxidized TiO»(001) surface.

Conclusions

Ethanol was used to probe the role of surface defects in the
catalytic reactivity of TiO,(001) surfaces. TiO»(001) surfaces
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were prepared with various amounts of surface defects by a
final annealing to 900 K, Ar*-sputtering at RT and oxidation
with O, at RT, respectively, while the nature of surface
defects was characterized by measuring the Ti 2p core level
and the valence band photoemission spectra. Our results
indicate that the saturation coverage of ethanol at RT
increases when the population of the reduced surface defects
(e.g., Ti*") is increased. However, the maximum desorption
temperature of ethanol is found to be unchanged with
increased population of such reduced (Ti*") defects. Instead,
the ethanol desorption temperature is observed to be extend-
ed to higher temperatures on the oxidized surface, where the
reduced Ti*" species are nearly depleted. We suggest that the
origin of the stronger binding site for ethanol on the oxidized
TiO»(001) surface is related to a low-coordinated oxygen
adatom on the surface.
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