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Abstract

Unlike dark catalytic reactions, mainly dependent on the last-layer atomic arrangement, photoreactions on semiconductor surfaces deper
necessarily on the bulk properties of the solid materials. Decoupling of the effect of surface and bulk structures can be obtained by allowing for
surface reconstruction. The photocatalytic reaction of acetic acid on the two different reconstructed surface@06fjTsihgle crystal (the
{011}- and the {114}-faceted surfaces) under ultrahigh vacuum conditions was conducted. The reaction products (ethane, methane, water an
COy,: photo-Kolbe reaction) were found to be similar on both reconstructed surfaces. Quantitative analyses show, however, a large differenc
in reactivity. The low temperature annealed surface, the {011}-faceted surface, was found far more reactive than the high temperature
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 the {011}-
and {114}-faceted surfaces, respectively. This large difference in reactivity is solely due to the collective changes of the electric field created
by changing the last-layer atomic arrangement. From the catalytic reaction, the depletion layemidihd(barrier height¥) for both
surfaces could be computed. The depletion layer widibg/él |l asthe barrier heights) were found equal to 18.2 and 6.6 nm (0.18 and 0.023
V) for the {011} and {114}-faceted surfaces, respectively.

0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction Several detailed studies have been conducted concerning
the photoreactions of acetic acid over }iPowders. The

Considerable studies have been devoted to understandingroducts and intermediates observed have been investigated
the surfaces of well-defined rutile titanium oxides in the past Using several techniques including infrared (IR) [9], mass
two decades [1-3] because of their use in several importantSPectroscopy (MS) [10], electron spin resonance (ESR) [11],
technologies ranging from catalysis [4] and solar cell devices @nd photoelectrochemical studies [12]. The main reaction
[5] to biomaterials [6]. Although some sporadic works have has been termed photo-Kolbe with the products being
considered the photoreaction of simple organic molecules €thane, methane, and carbon dioxide. The two reaction
over TiO, single crystals only very few examples have fo- Pathways identified are as follows:
cused on the effect of surface structure on the photocatalytic
process [7,8]. This work addresses the effect of changing theCHSCOOH(adS = COxg + CHag @
surface structure of rutile Tigd001) single crystal (used as 2CHsCOOHads + Oatticy — 2C0(g) + CH3CH3(g)

a prototype surface) on the photoreaction of acetic acid (as + H20¢ads, (2)
an example of an organic molecule) under steady-state con-

(rj(l,tclzcc))rrlsstlrmgteerdUsHXaigd(mi ({jg 1“;;?;2:;;21Ic;géi?.zecrg;ir.z_and (110) single crystals is dissociated into acetate species
u u u ! . (CH3COO") and bound to titanium atoms, and the proton

erably more active than the high temperature reconstructeolfon,nS (-OH) with surface oxygen atoms. Over T10)
one (the {114} faceted surface) [1]. single crystal the carboxylate is bound in a bidentate con-
figuration, with a saturation coverage of 0.5 [13-16]. These
* Corresponding author. species have been well studied via X-ray photoelectron
E-mail address: h.idriss@auckland.ac.nz (H. Idriss). spectroscopy (XPS) [17], ultraviolet photoelectron spec-

Acetic acid when adsorbed on the surface of JA(@1)
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troscopy (UPS) [18], temperature programmed desorption

(TPD) [17], electron stimulated desorption ion angular
distributions (ESDIAD) [14], and scanning tunneling mi-
croscopy (STM) [15]. Under dark conditions, during TPD

these species desorb as acetic acid and water with the addi
tional products being carbon monoxide, ketene, and carbon 750 K-annealed
dioxide (see TPD in the results section). The reactions of

carboxylic acids were also studied under UV light by sev-

eral authors [19,20]. Reaction (1) is proposed to occur via a &

methyl radical (CH3) abstracting the dissociated hydrogen
producing methane and GQOwhile reaction (2), is proposed
to occur via two (CH3z) molecules forming ethane, GCand

H20. These species have been thoroughly investigated, with ¢
perhaps the most compelling evidence coming form a study

involving monodeuterated acetic acid (6E0O0D) [10,20].

The authors found no incorporation of deuterium into ethane

but D,O and CHD did form in high yield, indicating the

a7
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Fig. 1. Surface structures of T{0001), 750 K annealed, {011}-faceted,

simple reaction scheme is indeed correct. Perhaps the mosénd 900 K annealed, {114}-faceted (relaxed surface energies are given

important difference is that the latter reaction (2) requires
lattice oxygen: addition of oxygen into the gas phase in-
creased the production of ethane [reaction (2)] [10]. It was

suggested that this oxygen replenishes the lattice, which be

comes deficient/reduced (T3}Q) due to the formation of
water.

Working on a single crystal surface has the advantage of
knowing to a reasonable accuracy the atomic arrangemen

and surface stoichiometry. The ideal surface of J1)
single crystal contains Ti atoms fourfold coordinated to oxy-

gen atoms and this makes them unstable (high surface en

ergy). It facets to two thermodynamically stable structures:
the {011}- and the {114}-faceted structures. These struc-

tures are obtained by annealing in vacuum at 700—750 and.

900950 K, respectively [1,4]. The first structure {011} con-
tains Ti atoms in a fivefold coordination environment while
the second one {114} contains Ti atoms in four, five, and
six coordination in equal proportions (maintaining an overall
coordination of Ti atoms of 5) (Fig. 1). In this work the pho-
toreaction of acetic acid with the two surface structures of
TiO2(001) single crystal is studied under flow conditions in
UHV. The effect of both acetic acid and oxygen partial pres-
sures on the reaction products is monitored and discussed.

2. Experimental
All experiments were conducted in an ultrahigh vacuum

(UHV) chamber described in detail previously [21]. In brief
the UHV chamber is pumped with an ion, turbo molecu-

for the (001) and (011) surfaces in mg(?; there are no data for
the {114}-faceted surface). Gray, and black balls, oxygen and titanium,
respectively.

emission current, followed by several “flashes” at either 750
or 900 K under oxygen pressurex110- torr, for 10-min
intervals. The TiQ(001) single crystal is positioned in such

a way that the flux of acetic acid is reflected into the mass

spectrometer probe and that the focused “beam” of UV light,
Spectroline Model SB-100P/F high intensity lamp (365 nm),
is illuminating only the surface. Once a steady flow of acid

onto the crystal surface has been achieved and a sufficient
baseline recorded a shutter is opened allowing the UV to
strike the surface. After a time period 6 min) the shutter

is closed and this process is repeated at different pressures
of acetic acid. In a separate set of experiments a steady state
of acetic acid is maintained and oxygen pressure is varied
through a separate dosing line. Acetic acid is purified on the
dosing line by a repeated freeze-pump-thaw process and the
oxygen gas put through a series of dry ice traps.

In order to calculate the reaction rate for the photodecom-
position of acetic acid on both surfaces the flow rate of acetic
acid was required. The basic equation of pressure and flow
rate for a vacuum pump is
0
S ®3)
where P is the pressure of chamber (torr) during the
reaction; S the intrinsic pumping speed (mk), P’ the
ultimate pressure of the pump (taken as 2019 torr), and
Q is the flow rate (in units of torr mLs). Dividing the flow

P==+P,

lar and titanium sublimation pump to a base pressure of rate bykT yields the molecular flow rate. The flow rate had

~ 2 x 10719 torr and is equipped with a quadrupole mass

values between (% 10~7 and 3x 10~ torr mL/s). The

spectrometer (up to 300 amu), with pyrex shroud, ion sputter contact time with the single crystal was then estimated by

gun, heating stagec( y, » motion feed through), ion gauge,
and two dosing lines with dosing needle positioned a few
millimeters away from the crystal face. The single crystal of
TiO2(00Y) is prepared with sputter and anneal cycles, typi-
cally Art pressure k 10~° torr, 5-kV beam voltage, 25-mA

dividing the amount of acetic acid (expressed in molecules)
by the molecular flow rate (moleculgsoleculegs) = 7);
Fig. 2 shows more details.

The flux of the UV photons reaching the crystal was de-
termined by actinometry via titration of acidified (1 nibl
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Fig. 3. Acetone production from acetic acid (TPD) as a function of
annealing time at 900 K.

acetic acid reactivity, by the ratio product/reactant (acetone
(m/z 58)/acetic acidf:/z 60)) and is shown in Fig. 3. While
a 5-min annealed surface shows only traces of acetone,

Fig. 2. Pumping speed of the chamber, Inset: contact time as a function of annealing for 50 min has resulted in |arge formations of

acetic acid pressure.

HNOg3) uranyl nitrate (0.02 mgL) and oxalic acid
(0.05 moJL) solution with permanganate (0.025 njib)
and was found equal to cas510%° hv cm?s7L,

In order to calculate the quantum yielg = (rate/flux)
(3" molecules convertg@n? s)/(photongcn? s), an esti-
mation of the total molecules reacted was computed from
the total amount of carbon-containing molecules (the sur-

face of the single crystal is 1 &h Combining Egs. (1) and

(2) gives 1 molecule of ethane, one molecule of methane,

and three molecules of Gdormed per three molecules of
acetic acid.

3. Resultsand discussion

3.1. Temperature-programmed desorption (dark studies)

acetone. The product yield of acetic acid-TPD on both
surfaces is shown in Table 1. Thus the presence (or absence)
of acetone from acetic acid is a clear indication of the
presence (or absence) of the surface reconstruction from
the {011}-faceted (absence of acetone) to the {114}-faceted
surface (presence of acetone).

3.2. Seady-statereactions under UV

In the absence of UV no other products but acetic
acid were observed at the reaction temperature (320 K).
This is expected since as shown in Ref. [17] and Table 1
carboxylic acids do not react (to other products) below 450—
500 K on TiQ single crystal surfaces. Steady state with UV
illumination was conducted at several acetic acid pressures
(as monitored by its:/z 60 signal) between & 1010 and
6 x 10~ torr at ca. 320 K. Fig. 4 shows a representative
data conducted on the {011}-faceted surface with acetic
acid pressure equal to.®2x 1079 torr in the presence

The dark reqction. of acetip e}cid was first considered as ¢ background oxygen molecules (noncalibrated; 32
a reference guide since a similar study by other workers signal ca. 5« 10-10 torr). Three products, carbon dioxide,

has been conducted [17]. On the {011}-faceted surface

methane, and ethane, are clearly seen as a jump in the line

acetic acid was mainly dehydrated to ketene and Waterspectra from the initial baseline value. Both £@:/z 44)

(at 570 K). Some decomposition to CO, g@t 610 K
also occurred. The {114}-faceted surface of 3{007) is

and methanen{/z 16) reach a steady state of formation
quickly as the UV shutter is opened. In contrast the ethane

obtained by annealing at 900 K and above for a prolonged (,,, / 30) formation reaches a high value initially and drops

time. One of the main characteristics of this surface is the

to a steady value after a short time 0 s). This latter

presence of Ti atoms in a four coordination environment qpqeryation is further investigated below. The photoreaction

(in other words contains two coordinative unsaturation, of acetic acid appears sensitive to surface structure. Fig. 5
Fig. 1). Numerous examples have shown the production

of ketones from carboxylic acids on this surface. The
; . . Table 1
format,lo_n of ketones (such as, aCEt_One from acetic a}CId [17] Product yield % of acetic acid over T001)-{011}- and TiG(001)-
and divinylketone from acrylic acid [22]) was attributed  (114).faceted surfaces
to a concerted reaction whereby two adsorbed carboxylate

. . . Molecule Peak temperature Yield (%
species onone unsaturated Ti centeM'lWhgr& stands for K P GIEN, ( {)114}
coordination nhumber) react together. yielding one molecule 5=~ 200 ®4 0.23
of ketone and one molecule of G@&aving one oxygen atom 570 452 0.93
on the surface: CO» 570 302 6.80

_ . co 570 956 38.09
CH3COOQTi4,00CCH; — CH3COCHz + COy + Tis.—O. H,0 400 083 157
4) 610 527 2.19

; ; Ketene 570 87 43.75
The extent of reaction (and consequently formation of Acetone 50 i .44

the {114}-faceted surface) was tracked, in the case of
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Fig. 4. Steady-state acetic acid pressuf®>210~? torr on the {011}-fa-
ceted TiQ (001) surface. Open and closed triangle, UV light on and off,
respectively.
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Fig. 6. Formation of ethanen(/z 30) under steady-state reaction conditions
on the {011}-faceted Ti@(00D single crystal surface at a constant acetic
acid pressure 5 1072 torr and increasing pressure obOThe rise in

the m/z 30 signal under dark conditions is due to the increase of the

shows the comparison between the activity of both surfacesoverall chamber pressure. Open and closed triangle, UV light on and off,

(the {011} and the {114}) for ethane (the most important
product) formation from acetic acid in the same pressure
domain. The {011}-faceted surface is more active than the
{114}-faceted surface.

The formation of ethane requires lattice oxygen to be
consumed [reaction (2)] and as the outermost layer is

depleted the formation of ethane is reduced. To test this
explanation oxygen is introduced into the gas phase, via

a secondary dosing line. This is shown in Fig. 6. Clearly

respectively.

is a mild increase of ethane formation with increasing O
partial pressure. The effect of changing gartial pressures

on the formation of ethane and methane from acetic acid is
shown in Fig 7. While ethane signal increases (Fig. 7a) that
of methane decreases (Fig. 7b). This indicates a competitive
pathway between reactions (1) and (2).

no decrease in ethane signal is observed. Moreover, there
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Fig. 5. Ethangm/z 30) production (under UV illumination) as a function
of acetic acid pressure over the two Bi001) single crystal surfaces.

4, Discussion

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

We first start with a qualitative description as outlined in

Eq. (5):

CH3COOH+ Ti—-O — Ti—-OCOCH; + OH. (5)
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(001) single crystal surface are more scattered because it cannot be annealed to high temperature and is thus more sensitive to surface.cbméamination
trend is however clear: with the exception of two points all other points are far higher than those obtained from the {114}-facg@@ll)T&Ingle crystal
surface. The error bars are those of mass spectrometer reading (7-8%). (b) Methari®) production as a function of oxygen pressure, constant acetic
acid pressure (X 1079 torr) on the two surface reconstruction of Bi(D01) single crystal under UV illumination.

Adsorption of an acetic acid molecule onTa—O center 4.1. Estimation of the depletion width from the quantum

results in the formation of an acetate and a surface hydroxylyield of the reaction

species. Upon illumination of TiQ(n-type semiconductor)

and creation of charge carriers*( ande~: from electron The quantum yield of a photoreaction is related to the
transfer from the valence band to the conduction band), depletion layer width(W). In the case of TiQit is a layer
migration ofi* to the surface (due to field provoked by the depleted of the majority carriers (electrong) and the Qigtance
depletion layer) may result in a hydroxyl radical formation. P€tween the Fermi level and the conduction-band minimum
Simultaneously, reactions of an electron with an acceptor IS mcrea_lsed. In other wo_rds, the band will be bent “p.WaTd-
center (such as £to Oy or Ti* to Ti*+) occur [32,33]. Absorption of photons will generate electron-hole pairs in

. ] the depletion layer and their generation rate is in general
The local arrangeme.nt of these-0 atoms (see Fig. 1)_ constant through the layer (provided its width is sufficiently
does not appear to influence the reaction pathway since

small compared to the penetration depth of the incident

the products of both surfaces were found the same (in|ighy) Eq. (6) relates the quantum yield to the width of the
sharp contradiction with dark reactions). This indicates that, gepletion layer [31],

unlike the dark reaction, the photocatalytic reaction products

are not selectively influenced by the surface structure. - — "~ —
However, there is a considerable difference in the reaction 1o+ L
activity (see Flg 7) This difference is most Ilkely related with « the reciproca| absorption |engﬂ§]26 x 10¢ cmL at
to the intrinsic physical properties of each surface due 320 nm [31] andL, the minority carrier diffusion length,

to a different atomic arrangement giving a specific but

collective electronic property for each surface. Computation L=+Dr, (7)

of the quantum vyieldy, for each surface may help in  p js the diffusion coefficient and is the mean carrier

probing some of these propertieg.was found equal to  |ifetime. The mean carrier life-time has been approximated
0.05 and 0.02 for the {011} and {114}-faceted surfaces, by random walk analysis by other workers [34]: the average
respectively. transit time from the interior of the particle to the surface is

+ W ©6)
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expressed by

7= rg — LzDeb. (8)
72D 72D

In the presence of a depletion layer, the Debye lenfffap

(the maximum distance between an electron and a hole

formed upon photoirradiation) replacgsas long as the size

of the material is large (not of quantum size). The intrinsic

Debye lengthLpep is expressed as [33]

2 ceokgT
Deb — zezni ’

(9)

¢ for static dielectric constant, for vacuum permittivity,
and the other symbols have their usual meaninglong
the (001) direction for Ti@ is equal to 170 [35], since
it is only the last layer that is reconstructed therfor
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Fig. 8. A schematic representation of the space charge regiarT@D,.

Eg, band gapW, depletion width¢V, barrier heighty is distance into the
material from the surface arfdis the energy scale. Also shown the reaction
of surface hydroxyls with holes formed at the valence band and surface Ti
(and adsorbed oxygen molecules) with electrons at the conduction band.

both structures can be reasonably considered the same.

Moreover, the bulk to surface diffusion of both electron
and holes is probably very similar for both surfaces. The
number of charge carriers;, has been computed by several
workers and several values were givenl@a.0?° m=3). The
calculations reported here are for = 10?°/m? for TiO».
The computed value fdtpep Was found equal to ca. 3.5 nm.

7 is estimated equal to 0.6 ps ahdmean carrier diffusion
length) was found equal tallx 10~/ cm.

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

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

2

2e¢g0
This was found equal to 0.18 and 0.023for the {011}-

and {114}-faceted surfaces of TP001) single crystal,
respectively.

e|lV|= ni W2,

(10)

4.2. An estimation of the upper quantumyield of the
reaction of acetic acid over rutile TiO, surfaces

It is instructive given these results to estimate the max-

faces, indicate that Ois required for the photo-Kolbe re-
action to occur in a catalytic way on the surface of ZiO-
spection of Eq. (5) shows thab@ needed to regenerate the
surface oxygen vacancies formed due to water formation (as
a side reaction). However there is more intp @olecules
then a regeneration of surface oxygen vacancies. As shown
in Fig. 8, & may combine with electrons transferred to the
conduction band and formQ Recent results on Tig)110)
single crystal indicate that this pathway might actually con-
tribute in the photoreaction in addition to (or instead of) the
traditionally accepted route of OH radicals [26]. Another re-
cent XPS work has shown that the presencepfr@lecules

#} the gas phase is essential for the decomposition of acetate
species on Ti(110) single crystal [36].

5. Conclusions

By changing the outer surface structure of F{Q01)
single crystal one can decouple the effect of bulk structure
from that of the surface and this is particularly useful for
photoreactions because of their high dependence on bulk
properties. The steady-state photocatalytic decomposition
of acetic acid was successfully conducted in UHV on the
surfaces of TiQ(001) single crystal. The low temperature
annealed surface (the {011}-faceted surface) is far more
reactive than the high temperature one (the {114}-faceted
surface). Computation of the quantum yield, allowing the

imum quantum yield expected with the above-quoted num- getermination of both the depletion layer width and height,
bers. Assuming that a barrier height of 1.0 eV can be reachedyas conducted from the steady-state kinetics data (Table 2).

(it is about 0.5 eV for a typical semiconductor [33]) a quan-
tum yield of ca. 0.25 caused by a depletion layer of 50 nm
can be obtained. This is probably the highest level expected
for this reaction over a rutile Ti@surface.

4.3. Therole of gas-phase oxygen

Results of this work on single crystal surfaces, together
with those of other works [10,19] on polycrystalline sur-

Table 2
The quantum yieldn), the width of the depletion lay&W) and the barrier
height (V) for the two reconstructed surfaces of Bi001) single crystal

{011}-faceted {114}-faceted

n 0.05 0.02
Width, W (nm) 18.2 6.6
Height, vV 0.18 0.023
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