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Abstract

Unlike dark catalytic reactions, mainly dependent on the last-layer atomic arrangement, photoreactions on semiconductor surfa
necessarily on the bulk properties of the solid materials. Decoupling of the effect of surface and bulk structures can be obtained by a
surface reconstruction. The photocatalytic reaction of acetic acid on the two different reconstructed surfaces of TiO2(001) single crystal (the
{011}- and the {114}-faceted surfaces) under ultrahigh vacuum conditions was conducted. The reaction products (ethane, methane
CO2: photo-Kolbe reaction) were found to be similar on both reconstructed surfaces. Quantitative analyses show, however, a large
in reactivity. The low temperature annealed surface, the {011}-faceted surface, was found far more reactive than the high te
annealed surface, the {114}-faceted surface. The quantum yield of the reaction of acetic acid was found equal to 0.05 and 0.02 for
and {114}-faceted surfaces, respectively. This large difference in reactivity is solely due to the collective changes of the electric fie
by changing the last-layer atomic arrangement. From the catalytic reaction, the depletion layer width (W ) and barrier height (V ) for both
surfaces could be computed. The depletion layer widths (as well as the barrier heights) were found equal to 18.2 and 6.6 nm (0.18 and 0.
V) for the {011}- and {114}-faceted surfaces, respectively.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Considerable studies have been devoted to understa
the surfaces of well-defined rutile titanium oxides in the p
two decades [1–3] because of their use in several impo
technologies ranging from catalysis [4] and solar cell dev
[5] to biomaterials [6]. Although some sporadic works ha
considered the photoreaction of simple organic molec
over TiO2 single crystals only very few examples have
cused on the effect of surface structure on the photocata
process [7,8]. This work addresses the effect of changing
surface structure of rutile TiO2(001) single crystal (used a
a prototype surface) on the photoreaction of acetic acid
an example of an organic molecule) under steady-state
ditions under UHV and we do find that the low temperat
reconstructed surface (the {011} faceted surface) is con
erably more active than the high temperature reconstru
one (the {114} faceted surface) [1].
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Several detailed studies have been conducted conce
the photoreactions of acetic acid over TiO2 powders. The
products and intermediates observed have been investi
using several techniques including infrared (IR) [9], m
spectroscopy (MS) [10], electron spin resonance (ESR) [
and photoelectrochemical studies [12]. The main reac
has been termed photo-Kolbe with the products be
ethane, methane, and carbon dioxide. The two reac
pathways identified are as follows:

(1)CH3COOH(ads) → CO2(g) + CH4(g),

2CH3COOH(ads) + O(lattice) → 2CO2(g) + CH3CH3(g)

(2)+ H2O(ads),

Acetic acid when adsorbed on the surface of TiO2(001)
and (110) single crystals is dissociated into acetate sp
(CH3COO–) and bound to titanium atoms, and the pro
forms (−OH) with surface oxygen atoms. Over TiO2(110)
single crystal the carboxylate is bound in a bidentate c
figuration, with a saturation coverage of 0.5 [13–16]. Th
species have been well studied via X-ray photoelec
spectroscopy (XPS) [17], ultraviolet photoelectron sp
eserved.

http://www.elsevier.com/locate/jcat
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troscopy (UPS) [18], temperature programmed desorp
(TPD) [17], electron stimulated desorption ion angu
distributions (ESDIAD) [14], and scanning tunneling m
croscopy (STM) [15]. Under dark conditions, during TP
these species desorb as acetic acid and water with the
tional products being carbon monoxide, ketene, and ca
dioxide (see TPD in the results section). The reaction
carboxylic acids were also studied under UV light by s
eral authors [19,20]. Reaction (1) is proposed to occur v
methyl radical (.CH3) abstracting the dissociated hydrog
producing methane and CO2, while reaction (2), is propose
to occur via two (.CH3)molecules forming ethane, CO2, and
H2O. These species have been thoroughly investigated,
perhaps the most compelling evidence coming form a s
involving monodeuterated acetic acid (CH3COOD) [10,20].
The authors found no incorporation of deuterium into eth
but D2O and CH3D did form in high yield, indicating the
simple reaction scheme is indeed correct. Perhaps the
important difference is that the latter reaction (2) requ
lattice oxygen: addition of oxygen into the gas phase
creased the production of ethane [reaction (2)] [10]. It w
suggested that this oxygen replenishes the lattice, which
comes deficient/reduced (TiO2–x) due to the formation o
water.

Working on a single crystal surface has the advantag
knowing to a reasonable accuracy the atomic arrangem
and surface stoichiometry. The ideal surface of TiO2(001)
single crystal contains Ti atoms fourfold coordinated to o
gen atoms and this makes them unstable (high surface
ergy). It facets to two thermodynamically stable structur
the {011}- and the {114}-faceted structures. These str
tures are obtained by annealing in vacuum at 700–750
900–950 K, respectively [1,4]. The first structure {011} co
tains Ti atoms in a fivefold coordination environment wh
the second one {114} contains Ti atoms in four, five, a
six coordination in equal proportions (maintaining an ove
coordination of Ti atoms of 5) (Fig. 1). In this work the ph
toreaction of acetic acid with the two surface structures
TiO2(001) single crystal is studied under flow conditions
UHV. The effect of both acetic acid and oxygen partial pr
sures on the reaction products is monitored and discuss

2. Experimental

All experiments were conducted in an ultrahigh vacu
(UHV) chamber described in detail previously [21]. In br
the UHV chamber is pumped with an ion, turbo molec
lar and titanium sublimation pump to a base pressure
∼ 2 × 10−10 torr and is equipped with a quadrupole ma
spectrometer (up to 300 amu), with pyrex shroud, ion spu
gun, heating stage (x, y, r motion feed through), ion gaug
and two dosing lines with dosing needle positioned a
millimeters away from the crystal face. The single crysta
TiO2(001) is prepared with sputter and anneal cycles, ty
cally Ar+ pressure 1×10−5 torr, 5-kV beam voltage, 25-mA
i-

t

-

t

-

Fig. 1. Surface structures of TiO2(001),750 K annealed, {011}-faceted
and 900 K annealed, {114}-faceted (relaxed surface energies are
for the (001) and (011) surfaces in meV/au2; there are no data fo
the {114}-faceted surface). Gray, and black balls, oxygen and titan
respectively.

emission current, followed by several “flashes” at either 7
or 900 K under oxygen pressure, 1× 10−6 torr, for 10-min
intervals. The TiO2(001) single crystal is positioned in suc
a way that the flux of acetic acid is reflected into the m
spectrometer probe and that the focused “beam” of UV lig
Spectroline Model SB-100P/F high intensity lamp (365 n
is illuminating only the surface. Once a steady flow of a
onto the crystal surface has been achieved and a suffi
baseline recorded a shutter is opened allowing the UV
strike the surface. After a time period (∼ 5 min) the shutter
is closed and this process is repeated at different pres
of acetic acid. In a separate set of experiments a steady
of acetic acid is maintained and oxygen pressure is va
through a separate dosing line. Acetic acid is purified on
dosing line by a repeated freeze-pump-thaw process an
oxygen gas put through a series of dry ice traps.

In order to calculate the reaction rate for the photodec
position of acetic acid on both surfaces the flow rate of ac
acid was required. The basic equation of pressure and
rate for a vacuum pump is

(3)P = Q

S
+ P ′,

where P is the pressure of chamber (torr) during t
reaction; S the intrinsic pumping speed (mL/s), P ′ the
ultimate pressure of the pump (taken as 2× 10−10 torr), and
Q is the flow rate (in units of torr mL/s). Dividing the flow
rate bykT yields the molecular flow rate. The flow rate h
values between (2× 10−7 and 3× 10−4 torr mL/s). The
contact time with the single crystal was then estimated
dividing the amount of acetic acid (expressed in molecu
by the molecular flow rate (molecules/(molecules/s) = τ );
Fig. 2 shows more details.

The flux of the UV photons reaching the crystal was
termined by actinometry via titration of acidified (1 mol/L
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Fig. 2. Pumping speed of the chamber, Inset: contact time as a functi
acetic acid pressure.

HNO3) uranyl nitrate (0.02 mol/L) and oxalic acid
(0.05 mol/L) solution with permanganate (0.025 mol/L)
and was found equal to ca. 5× 1015 hν cm–2s–1.

In order to calculate the quantum yield,η = (rate/flux)
(
∑

molecules converted/cm2s)/(photons/cm2 s), an esti-
mation of the total molecules reacted was computed f
the total amount of carbon-containing molecules (the
face of the single crystal is 1 cm2). Combining Eqs. (1) an
(2) gives 1 molecule of ethane, one molecule of meth
and three molecules of CO2 formed per three molecules
acetic acid.

3. Results and discussion

3.1. Temperature-programmed desorption (dark studies)

The dark reaction of acetic acid was first considered
a reference guide since a similar study by other work
has been conducted [17]. On the {011}-faceted surf
acetic acid was mainly dehydrated to ketene and w
(at 570 K). Some decomposition to CO, CO2 at 610 K
also occurred. The {114}-faceted surface of TiO2(001) is
obtained by annealing at 900 K and above for a prolon
time. One of the main characteristics of this surface is
presence of Ti atoms in a four coordination environm
(in other words contains two coordinative unsaturat
Fig. 1). Numerous examples have shown the produc
of ketones from carboxylic acids on this surface. T
formation of ketones (such as acetone from acetic acid
and divinylketone from acrylic acid [22]) was attribut
to a concerted reaction whereby two adsorbed carbox
species on one unsaturated Ti center (Ti4c, wherec stands for
coordination number) react together yielding one molec
of ketone and one molecule of CO2 leaving one oxygen atom
on the surface:

(4)
CH3COOTi4cOOCCH3 → CH3COCH3 + CO2 + Ti5c−O.

The extent of reaction (and consequently formation
the {114}-faceted surface) was tracked, in the case
Fig. 3. Acetone production from acetic acid (TPD) as a function
annealing time at 900 K.

acetic acid reactivity, by the ratio product/reactant (ace
(m/z 58)/acetic acid (m/z 60)) and is shown in Fig. 3. Whil
a 5-min annealed surface shows only traces of ace
annealing for 50 min has resulted in large formations
acetone. The product yield of acetic acid-TPD on b
surfaces is shown in Table 1. Thus the presence (or abs
of acetone from acetic acid is a clear indication of
presence (or absence) of the surface reconstruction
the {011}-faceted (absence of acetone) to the {114}-face
surface (presence of acetone).

3.2. Steady-state reactions under UV

In the absence of UV no other products but ac
acid were observed at the reaction temperature (320
This is expected since as shown in Ref. [17] and Tab
carboxylic acids do not react (to other products) below 4
500 K on TiO2 single crystal surfaces. Steady state with U
illumination was conducted at several acetic acid press
(as monitored by itsm/z 60 signal) between 5× 10−10 and
6 × 10−7 torr at ca. 320 K. Fig. 4 shows a representa
data conducted on the {011}-faceted surface with ac
acid pressure equal to 2.5 × 10−9 torr in the presenc
of background oxygen molecules (noncalibratedm/z 32
signal ca. 5× 10−10 torr). Three products, carbon dioxid
methane, and ethane, are clearly seen as a jump in the
spectra from the initial baseline value. Both CO2 (m/z 44)
and methane (m/z 16) reach a steady state of formati
quickly as the UV shutter is opened. In contrast the eth
(m/z 30) formation reaches a high value initially and dro
to a steady value after a short time (< 20 s). This latter
observation is further investigated below. The photoreac
of acetic acid appears sensitive to surface structure. F

Table 1
Product yield % of acetic acid over TiO2(001)-{011}- and TiO2(001)-
{114}-faceted surfaces

Molecule Peak temperature Yield (%)
K {011} {114}

Acetic acid 400 0.94 0.23
570 4.52 0.93

CO2 570 3.02 6.80
CO 570 9.56 38.09
H2O 400 0.83 1.57

610 5.27 2.19
Ketene 570 75.87 43.75
Acetone 550 – 6.44
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Fig. 4. Steady-state acetic acid pressure 2.5 × 10−9 torr on the {011}-fa-
ceted TiO2 (001) surface. Open and closed triangle, UV light on and
respectively.

shows the comparison between the activity of both surfa
(the {011} and the {114}) for ethane (the most importa
product) formation from acetic acid in the same press
domain. The {011}-faceted surface is more active than
{114}-faceted surface.

The formation of ethane requires lattice oxygen to
consumed [reaction (2)] and as the outermost laye
depleted the formation of ethane is reduced. To test
explanation oxygen is introduced into the gas phase,
a secondary dosing line. This is shown in Fig. 6. Clea
no decrease in ethane signal is observed. Moreover,

Fig. 5. Ethane(m/z 30) production (under UV illumination) as a functio
of acetic acid pressure over the two TiO2(001) single crystal surfaces.
Fig. 6. Formation of ethane (m/z 30) under steady-state reaction conditio
on the {011}-faceted TiO2(001) single crystal surface at a constant ace
acid pressure 5× 10−9 torr and increasing pressure of O2. The rise in
the m/z 30 signal under dark conditions is due to the increase of
overall chamber pressure. Open and closed triangle, UV light on and
respectively.

is a mild increase of ethane formation with increasing2
partial pressure. The effect of changing O2 partial pressure
on the formation of ethane and methane from acetic ac
shown in Fig 7. While ethane signal increases (Fig. 7a)
of methane decreases (Fig. 7b). This indicates a compe
pathway between reactions (1) and (2).

4. Discussion

In electron or charge-transfer processes, between a s
conductor and an adsorbate, photogeneration of elec
and holes determines the extent of reaction. In compet
with this process, electron-hole recombination takes pl
The photocatalytic activity has been shown to depend
several parameters such as crystal structure [24], particle
[23,25,27,29], defects [26], and doping [28,30]. There
basically three requirements for a high catalytic activity: t
the photogenerated charge carriers exist near the surface
they have a long lifetime, and that the rate of charge tran
is large. The rate of electron-hole pair recombination affe
the lifetime of the charge carriers and thus directly affe
the catalytic activity. Decreasing (increasing) the band be
ing increases (decreases) the rate of recombination bec
there is less (more) driving force for electron-hole sepa
tion. It is worth reminding that for ann-type semiconducto
the minority carriers (the holes) preferentially migrate to
surface because of the direction of the electric field [31]
the following we will discuss the difference in the observ
reaction rate between both surfaces from knowledge de
oped from light-induced charge separation theories and
effect of depletion-layer on the photoreaction of a semic
ductor.

We first start with a qualitative description as outlined
Eq. (5):

(5)CH3COOH+ Ti–O → Ti–OCOCH3 + OH.
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Fig. 7. (a) Ethane(m/z 30) production as a function of oxygen pressure, constant acetic acid pressure (5× 10−9 torr). The points of the {011}-faceted TiO2
(001) single crystal surface are more scattered because it cannot be annealed to high temperature and is thus more sensitive to surface conta. The
trend is however clear: with the exception of two points all other points are far higher than those obtained from the {114}-faceted TiO2(001) single crysta
surface. The error bars are those of mass spectrometer reading (7–8%). (b) Methane(m/z 16) production as a function of oxygen pressure, constant a
acid pressure (5× 10−9 torr) on the two surface reconstruction of TiO2(001) single crystal under UV illumination.
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Adsorption of an acetic acid molecule on aTi–O center
results in the formation of an acetate and a surface hydr
species. Upon illumination of TiO2 (n-type semiconductor
and creation of charge carriers (h+ and e−: from electron
transfer from the valence band to the conduction ba
migration ofh+ to the surface (due to field provoked by t
depletion layer) may result in a hydroxyl radical formatio
Simultaneously, reactions of an electron with an acce
center (such as O2 to O2

· or Ti4+ to Ti3+) occur [32,33].
The local arrangement of theseTi–O atoms (see Fig. 1
does not appear to influence the reaction pathway s
the products of both surfaces were found the same
sharp contradiction with dark reactions). This indicates t
unlike the dark reaction, the photocatalytic reaction prod
are not selectively influenced by the surface struct
However, there is a considerable difference in the reac
activity (see Fig. 7). This difference is most likely relat
to the intrinsic physical properties of each surface
to a different atomic arrangement giving a specific
collective electronic property for each surface. Computa
of the quantum yield,η, for each surface may help
probing some of these properties.η was found equal to
0.05 and 0.02 for the {011}- and {114}-faceted surfac
respectively.
4.1. Estimation of the depletion width from the quantum
yield of the reaction

The quantum yield of a photoreaction is related to
depletion layer width(W). In the case of TiO2 it is a layer
depleted of the majority carriers (electrons) and the dista
between the Fermi level and the conduction-band minim
is increased. In other words, the band will be bent upw
Absorption of photons will generate electron-hole pairs
the depletion layer and their generation rate is in gen
constant through the layer (provided its width is sufficien
small compared to the penetration depth of the incid
light). Eq. (6) relates the quantum yield to the width of
depletion layer [31],

(6)η= L+W
1/α+L,

with α the reciprocal absorption length= 2.6× 104 cm–1 at
320 nm [31] andL, the minority carrier diffusion length,

(7)L= √
Dτ,

D is the diffusion coefficient andτ is the mean carrie
lifetime. The mean carrier life-time has been approxima
by random walk analysis by other workers [34]: the aver
transit time from the interior of the particle to the surface
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(8)τ = r2
o

π2D
= L2

Deb

π2D
.

In the presence of a depletion layer, the Debye length,LDeb
(the maximum distance between an electron and a
formed upon photoirradiation) replacesro as long as the siz
of the material is large (not of quantum size). The intrin
Debye length,LDeb is expressed as [33]

(9)L2
Deb= εεokBT

2e2ni
,

ε for static dielectric constant,εo for vacuum permittivity,
and the other symbols have their usual meaning.ε along
the (001) direction for TiO2 is equal to 170 [35], since
it is only the last layer that is reconstructed thenε for
both structures can be reasonably considered the s
Moreover, the bulk to surface diffusion of both electr
and holes is probably very similar for both surfaces. T
number of charge carriers,ni , has been computed by seve
workers and several values were given (1023–1025 m–3). The
calculations reported here are forni = 1025/m3 for TiO2.
The computed value forLDeb was found equal to ca. 3.5 nm
τ is estimated equal to 0.6 ps andL (mean carrier diffusion
length) was found equal to 1.1× 10−7 cm.

From these valuesW was found equal to 18.2 and 6.6 n
for the {011}- and {114}-faceted surfaces, respective
This result explains in physical terms the reason beh
the difference in reactivity of the two surfaces. The {011
faceted surface is more active than the {114}-faceted sur
because the photogenerated electrons and holes have a
space and so their recombination rate will be smaller.

From the above data one can also obtain an estima
of the barrier height (inV ) of the surface band banding, s
Fig. 8, resulting from the depletion layer following [33]

(10)e|V | = e2

2εεo
niW

2.

This was found equal to 0.18 and 0.023V for the {011}-
and {114}-faceted surfaces of TiO2(001) single crystal,
respectively.

4.2. An estimation of the upper quantum yield of the
reaction of acetic acid over rutile TiO2 surfaces

It is instructive given these results to estimate the m
imum quantum yield expected with the above-quoted n
bers. Assuming that a barrier height of 1.0 eV can be reac
(it is about 0.5 eV for a typical semiconductor [33]) a qua
tum yield of ca. 0.25 caused by a depletion layer of 50
can be obtained. This is probably the highest level expe
for this reaction over a rutile TiO2 surface.

4.3. The role of gas-phase oxygen

Results of this work on single crystal surfaces, toget
with those of other works [10,19] on polycrystalline su
.

er

Fig. 8. A schematic representation of the space charge region ofn-TiO2.
Eg, band gap;W , depletion width,eV , barrier height;x is distance into the
material from the surface andE is the energy scale. Also shown the reacti
of surface hydroxyls with holes formed at the valence band and surfa
(and adsorbed oxygen molecules) with electrons at the conduction ba

faces, indicate that O2 is required for the photo-Kolbe re
action to occur in a catalytic way on the surface of TiO2. In-
spection of Eq. (5) shows that O2 is needed to regenerate t
surface oxygen vacancies formed due to water formation
a side reaction). However there is more into O2 molecules
then a regeneration of surface oxygen vacancies. As sh
in Fig. 8, O2 may combine with electrons transferred to t
conduction band and form O2·. Recent results on TiO2(110)
single crystal indicate that this pathway might actually c
tribute in the photoreaction in addition to (or instead of)
traditionally accepted route of OH radicals [26]. Another
cent XPS work has shown that the presence of O2 molecules
in the gas phase is essential for the decomposition of ac
species on TiO2(110) single crystal [36].

5. Conclusions

By changing the outer surface structure of TiO2(001)
single crystal one can decouple the effect of bulk struc
from that of the surface and this is particularly useful
photoreactions because of their high dependence on
properties. The steady-state photocatalytic decompos
of acetic acid was successfully conducted in UHV on
surfaces of TiO2(001) single crystal. The low temperatu
annealed surface (the {011}-faceted surface) is far m
reactive than the high temperature one (the {114}-face
surface). Computation of the quantum yield, allowing
determination of both the depletion layer width and heig
was conducted from the steady-state kinetics data (Tabl

Table 2
The quantum yield(η), the width of the depletion layer(W) and the barrier
height (V ) for the two reconstructed surfaces of TiO2(001) single crystal

{011}-faceted {114}-faceted

η 0.05 0.02
Width,W (nm) 18.2 6.6
Height,V 0.18 0.023
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