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The influence of coadsorbed water on the photodecomposition of acetone on TiO, was evaluated using
temperature-programmed desorption (TPD) and the rutile TiO,(110) surface as a model photocatalyst. Of
the two major influences ascribed to water in the heterogeneous photocatalysis literature (promotion
through OH radical supply and inhibition due to site blocking), only the negative influence of water
was observed. As long as the total water + acetone coverage was maintained well below the first-layer
saturation coverage (1 ML), little inhibition of acetone photodecomposition was observed. However, as
the total water + acetone coverage exceeded 1 ML, acetone was preferentially displaced from the first
layer to physisorbed states by water, and the extent of acetone photodecomposition was attenuated. The
immediate product of acetone photodecomposition was adsorbed acetate, which occupies twice as many
surface sites per molecule as acetone. Because the acetate intermediate was more stable on the TiO,(110)
surface than either water or acetone (as gauged by TPD), and because it had a lower photodecomposition
rate than acetone, additional surface sites were not opened up during acetone photodecomposition to

allow previously displaced acetone molecules to reenter the first layer.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Water has the ability to act as either a poison or a promoter in
photochemical reactions occurring on the surfaces of TiO, photo-
catalysts [1-24]. This seemingly contradictory behavior of water is
commonly seen in the photooxidation reactions of organics. As a
promoter, water is believed to supply the catalyst with the means
of generating OH radicals that participate in the oxidation reac-
tions. Two of the main mechanisms for OHe formation proposed
in the literature involve hole-mediated oxidation of adsorbed hy-
droxyl anions and the reaction of water with O, (formed by elec-
tron attachment to O), resulting in OHe through HOje. Water
also is believed to promote halocarbon photooxidation reactions
by enhancing the removal of Cl from the catalyst surface (in the
form of HCI) [1]. In contrast, water also has been shown to act
as a poison in organic photooxidation reactions. Water’s inhibiting
influence results from its stronger binding to TiO, surfaces com-
pared with many organic species. Like most oxides, TiO2 binds
water strongly, particularly as dissociative fragments [25]. The in-
teraction of water with TiO, tends to be stronger than the inter-
actions of such organics as alkanes, alkenes, and aromatics, which
lack the functional groups needed to form strong electrostatic in-
teractions with surface cation sites. In contrast, such organics as
alcohols and carboxylic acids tend to bind as strongly or more
strongly to TiO, compared with water and may not be displaced by
water. Strongly repulsive hydrophilic-hydrophobic interactions be-
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tween coadsorbed water and organics will result in displacement
of weakly bound organics from the catalyst surface, but segrega-
tion of more strongly bound organics into regions of high organic
coverage. The interfacial boundaries between these hydrophilic and
hydrophobic domains are regions of unusual activity and variabil-
ity [26,27].

The opposing roles of water in organic photooxidation reactions
on TiO, pose a considerable barrier to understanding the over-
all rates and mechanisms in photocatalysis. For example, although
the first step in a gas-phase organic photooxidation process may
be promoted by water, the oxidation steps of the resulting inter-
mediates and products are inhibited. As the overall reaction pro-
gresses, more water is generated by oxidation, further complicating
the reaction. The surface coverages of water, the various types of
organics present, and molecular oxygen are in dynamic flux. Het-
erogeneity of the oxide surface also comes into play, because the
local surface structure affects how these molecular components of
the overall reaction compete and cooperate. Gaining true insight
into the collective positive and/or negative influences of water on
a typical organic photooxidation reaction is difficult. Understand-
ing the influence of water (on the molecular and local scales) at
the various stages of the oxidation process will provide informa-
tion as to which interactions are important at the various points in
the overall reaction process.

In this work, the influence of water on the photoconversion of
acetone to acetate on the rutile TiO2(110) surface is examined us-
ing an ultra-high-vacuum (UHV) approach. Whereas UHV provides
somewhat of an artificial environment for studying a photocat-
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alytic reaction in that it precludes the influence of a “solvent-like”
environment of water at the surface, it has the advantage of pro-
viding a clearer view of molecular-level interactions than can be
obtained under typical reaction conditions. In the case at hand,
the formation of “free” OHe can be precluded, due to the absence
of an aqueous phase. Under these conditions, the molecular-level
interactions between water and the organic become the marquee
influence on the photooxidation reaction. The (110) face of rutile
TiO,, which is the prototypical oxide surface and a major con-
tributor to the surface area of nanocrystalline rutile, provides a
well-characterized and well-understood environment [28] in which
to evaluate the molecular-level influence of water on organic pho-
tooxidation.

Acetone photooxidation on TiO, has received considerable at-
tention in the literature [10-16,18-20,22-24,29-38], with most
studies using acetone to test new photocatalysts or new reactor
concepts. Less work has been focused on the mechanistic details
of the reaction. Using FTIR, EI-Maazawi et al. [14] proposed several
mechanistic pathways for the photooxidation of acetone on TiO,
including a pathway involving dimerized acetone species and path-
ways that lead through surface intermediates such as carboxylates.
Formate, acetate, acetaldehyde, and formic acid have been ob-
served as surface intermediates in acetone photooxidation [34,35].
In addition, Attwood et al. [36] used EPR to identify a organoper-
oxy intermediate resulting from acetone photooxidation on TiO;.
This species was stable up to 150 K but decomposed above this
temperature. Earlier work revealed that acetone photodecompo-
sition on TiO2(110) involved conversion of acetone to an acetone
diolate species [(CH3)>,CO;] through a thermal reaction with oxy-
gen, followed by photodecomposition of the diolate to adsorbed
acetate (CH3CO;) and ejection of a methyl radical from the surface
[39,40]. A similar process occurred for butanone photodecomposi-
tion on TiO»(110), except that the ethyl group was preferentially
ejected, leaving acetate on the surface [41].

Numerous groups have investigated the effect of water on the
photooxidation of acetone on TiO,. The conclusions from these
studies vary considerably. For example, several groups have re-
ported little or no enhancement of acetone photooxidation rates at
low relative humidity (RH) but significant rate inhibition at higher
RH [11-13,15,18-21]. The RH at which the rate was adversely influ-
enced was generally around 15-20%. Based on isothermal adsorp-
tion studies, this inhibitory effect has been attributed to water’s
ability to block sites and displace adsorbed acetone from the sur-
face [18-20,23]. For example, Kozlov et al. [23] reported that their
TiO, photocatalyst surface was covered with 1 ML of water at 20°C
for RH > 30%, and that this water coverage was sufficient to pre-
vent acetone from interacting with photoexcited charges generated
by UV absorption. Other groups have reported a slightly enhanced
acetone photooxidation rate at low RH but significant inhibition at
higher RH [23,24]. The low-RH enhancement is attributed to the
ability of water to form surface OH™ groups, which in turn can
be converted photochemically to OHe. At higher RH, water popu-
lates the surface and prevents acetone adsorption. Other groups
have found no inhibition effect at all. Coronado et al. [22] ob-
served a ~50% decrease in the acetone uptake with increasing
RH up to 28% (and not much change in the acetone adsorption
behavior above this RH), but also noted that the acetone photoox-
idation rate increased by ~50% as the RH was increased from 0 to
20% and remained fairly constant above 20% RH. Based on these
data, these authors proposed that acetone uptake is not the rate-
limiting factor in acetone photooxidation. Similarly, Chen et al. [10]
observed a tripling in the acetone photooxidation rate with in-
creasing mole fraction of H,O in the reactant mixture, followed by
a slight decline in the rate for mole fractions above 0.005 (~15%
RH). The increase was attributed to involvement of OHe and the
decrease due to water site blocking; the former effect appeared

to dominate the latter effect at higher RH, resulting in an overall
enhancement. Other groups have reported that the acetone pho-
tooxidation rate can be enhanced by hydroxylation of the surface
before the reaction [14,17]; again, this enhancement was attributed
to the production of OH radicals.

Many conditions may come into play to explain these varying
results. Temperature clearly plays a role in the influence of water
on acetone photooxidation. Although increasing the reaction tem-
perature appears to slightly inhibit the rate of acetone photooxi-
dation under dry conditions [11,12], increased temperature (above
room temperature) also tends to negate the inhibiting influence of
water; for example, Vorontsov et al. [15] found inhibition of ace-
tone photooxidation at 40 °C by water at a RH of ~30%, and Chang
et al. [16] found little or no effect of water vapor on the acetone
photooxidation rate at 138 °C. Increasing the reaction temperature
above RT shifted the water isotherm out toward higher RH levels.
In fact, Vorontsov observed that with increasing reaction temper-
ature, the RH level at which rate inhibition occurred continually
increased, reflecting the decreased H,O adsorptive capacity of TiO;
as a function of increasing temperature. The form of the TiO; cat-
alyst (e.g., anatase, rutile, a mixture) may be important, as may be
the relative oxygen partial pressure or the presence of impurities
that catalyze secondary reactions.

2. Experimental

The UHV chamber used in this study had a base pressure of
2 x 10710 Torr. The TiO(110) crystal, with dimensions of 10 x
10 x 1.5 mm, was obtained from First Reaction [42]. In this study,
one monolayer (1 ML) is defined as the surface site density of
five-coordinated Ti*t cation sites on the ideal TiO(110) surface
(5.2 x 10 molecules/cm?). The surface was cleaned by sputter-
anneal cycles and deemed to be clean by analysis with secondary
ion mass spectrometry (SIMS) and Auger electron spectroscopy
(AES). Additional details on cleaning and sample preparation are
available elsewhere [40]. After the initial cleaning, the crystal was
deep blue, and its surface exhibited an oxygen vacancy population
of about 0.07 ML as gauged by water TPD. Routine daily cleaning
was done by annealing the crystal at 850 K for ~10 min in UHV.
These annealing treatments did not significantly affect the oxygen
vacancy population.

Research-grade acetone and water were obtained from Aldrich
and further purified using liquid nitrogen (LN2) freeze-pump-thaw
cycles. Vapors from both liquids were exposed to the TiO,(110)
surface at 95 K. A calibrated pinhole directional doser enabled
accurate dosing and prevented exposure to any surface (e.g., the
sample holder) other than the crystal face. Oxygen gas was dosed
by backfilling the chamber after passing the gas through a LN2-
cooled trap. TPD experiments were performed at a heating rate of
2 K/s.

An Oriel 100-W Hg arc lamp was used for controlled UV ir-
radiation. After being passed through a distilled water filter (to
remove IR), the light was focused onto the tip of a single-strand,
0.6-mm-diameter fused silica fiberoptic cable directly coupled to
vacuum by a UHV-compatible feedthrough. The use of a fiberop-
tic system provided light irradiation only to the crystal surface.
A feedback system mounted on the lamp’s housing maintained
a constant photon flux during lamp operation. The photon flux
emitted from the fiberoptic system before it entered the cham-
ber was regularly checked using a photodiode detector. Calibration
was obtained from the ratio of light intensity lost (because of
fiber optic couplings) between the air side of the UHV fiberoptic
feedthrough and the sample surface (measured before bakeout of
the chamber). The UV component of the lamp’s output was cali-
brated using a 400-nm cutoff filter. Photon exposures were started
and ended using a mechanical shutter situated on the lamp’s hous-
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Fig. 1. Mechanistic scheme for the photodecomposition of acetone to acetate on the
TiO,(110) surface.

ing. A typical flux of UV photons at the crystal was on the order of
1 x 10'7 photons/cm?. Irradiation of the TiO»(110) crystal at 95 K
with this photon flux raised the crystal temperature to 105 K.

3. Results and discussion

Fig. 1 shows the proposed reaction scheme for the photode-
composition of acetone on the TiO,(110) surface [40]. This process
essentially involves two steps. The first step, occurring without the
direct influence of light, involves a thermal reaction between an
adsorbed acetone molecule and an adsorbed oxygen species to
form an acetone diolate. This reaction is facilitated by a charge
transfer from Ti3* sites (e.g., an oxygen vacancy) to O, which al-
lows adsorption of the latter on the surface. In this sense, light
participates in the first step by preparing electron trap sites (es-
sentially Ti>t sites) at which O, can chemisorb on the surface.
In these experiments, the surface is artificially enhanced with
Tit sites in the form of oxygen vacancies [28]. The acetone di-
olate groups created in the dark decompose rapidly on irradiation
with UV. Additional acetone photodecomposition occurs at a much
slower rate. Whether acetone reacts directly with chemisorbed 05,
or whether Oy is dissociatively adsorbed first and a resulting O
fragment reacts with acetone, is unclear. The acetone diolate has
been characterized with high-resolution electron energy loss spec-
troscopy (HREELS) and '80-labeling TPD studies [39]. Clearly, for-
mation of the acetone diolate species involves rehybridization of
the carbonyl portion of acetone based on HREELS results. Whereas
acetone bound in the ' configuration (top left of Fig. 1) appears to
be photoinactive on TiO»(110) under UHV conditions, the acetone
diolate decomposes on exposure of the crystal to UV light. The de-
composition process involves prompt rupture of one of the C-CHj3
bonds and ejection of the corresponding methyl radical into vac-
uum. The resulting acetate group is retained on the surface (in TPD
to >550 K) and is considerably less susceptible to photodecompo-
sition than the acetone diolate species. A consequence of acetate’s
stability is that the photoreaction is somewhat self-limiting under
true catalytic conditions at room temperature, because the imme-
diate product (acetate) is more strongly bound and less photoactive
than the starting reactant acetone. This situation is in contrast
to the hole-mediated decomposition of trimethyl acetate (TMA)
[26,27,43,44], where the photofragments are not retained on the
surface at room temperature. In the case of TMA, irradiation has
the general effect of “clearing off” regions of organic from the sur-
face. This two-step reaction process, shown in Fig. 1, appears to
be the dominant pathway for photodecomposition of other organic
carbonyls on the TiO2(110) surface [41].

Although water is not a byproduct in the two-step acetone pho-
todecomposition scheme shown in Fig. 1, it is a byproduct of the
complete acetone photooxidation to CO,. Water also is prevalent
on oxide surfaces under most conditions. As such, the influence
of coadsorbed water on the two-step acetone photodecomposi-
tion mechanism of Fig. 1 merits examination. Previous work has
demonstrated that water and acetone compete for similar adsorp-
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Fig. 2. Mass 43 TPD spectra from various coverages of water coadsorbed with
0.25 ML acetone on TiO2(110) at 95 K. The upper set (displaced vertically for clar-
ity) is without photooxidation treatment and the lower set is after 45 min of UV
exposure in 5 x 10~ Torr 03 at 105 K.

tion sites on the TiO,(110) surface, but water does not significantly
affect the acetone diolate species once it is formed [45]; therefore,
it is the competition between water and acetone for adsorption
sites that is most likely to affect the photodecomposition process
in step 1. The top panel of Fig. 2 illustrates this competition in the
absence of light. Here a fixed coverage of acetone (0.25 ML) was
adsorbed at 95 K, followed by various coverages of water (also at
95 K). The surface was then heated in the TPD experiment. In the
absence of water, 0.25 ML acetone desorbed from TiO»(110) in a
broad peak centered at about 300 K (black trace). As water was
added to the surface, a “dip” developed in the acetone TPD trace
at about 270 K (red trace corresponding to 0.28 ML of water), with
some acetone TPD intensity shifting to lower temperatures than
were observed on the clean surface. The “dip” corresponds to the
peak temperature for thermal desorption of first layer water from
the TiO»(110) surface [45,46]. As more water was added, the dip
in the acetone TPD spectrum widened, and proportionally more
acetone TPD intensity shifted to lower temperature (yellow, green,
and blue traces). The amount of acetone displaced in TPD to lower
temperature by coadsorbed water appeared to saturate for water
coverage >1 ML (blue and green traces). The sharp acetone TPD
states at ~160 and 200 K are assigned to acetone ice and acetone
hydrogen-bonded to dangling OH bonds of adsorbed water, respec-
tively [45]. Based on these data, whether the displacement process
occurred on adsorption of water at 95 K or during TPD is unclear,
but a significant portion of the displacement clearly occurred be-
fore the onset of the acetone ice peak (~130 K).

Acetone and water bind to the TiO»(110) surface at the same
sites [39,46], the 5-coordinate Ti*t cations. Acetone is displaced
by water, because water adapts more readily than acetone to in-
termolecular repulsions in the first layer [45]. Despite the fact that
an isolate acetone molecule binds more strongly to the TiO(110)
surface than an isolated water molecule, dipole-dipole repulsions
between acetone molecules significantly reduce acetone’s bind-
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ing energy; as a result, acetone is more readily displaced from
the first layer. However, even under conditions of excess water,
some acetone is retained on the surface at desorption tempera-
tures above room temperature. This occurs either because isolate
acetone molecules (with only water as nearest neighbors) are sta-
ble on the surface or because water desorption during the TPD
experiment (which begins at ~200 K and peaks at 270 K) even-
tually alleviates surface adlayer stress, allowing access of some
physisorbed acetone to the first layer.

It has been shown previously that the rate of acetone photode-
composition on TiO3(110) is coverage-dependent, with the rate for
a saturated monolayer is roughly an order of magnitude lower than
for a 0.25-ML coverage [40]. This effect is attributed to O;’s inabil-
ity to penetrate an acetone-saturated surface. The impact of water
coadsorption on the photodecomposition of acetone is explored in
the TPD data of the lower panel of Fig. 2. In these data, a set cov-
erage of acetone (0.25 ML) was exposed to various coverages of
water at 95 K and then irradiated with UV light (for 45 min) in
5 x 10~7 Torr O at 105 K. The data in the top panel of Fig. 2 pro-
vide a direct comparison for the nonirradiated coadsorbed system
at each coverage combination. The amount of photodecomposed
acetone in each case can be determined through comparison with
the peak area of the TPD traces for the nonirradiated conditions.
In the absence of water (black trace in the lower portion of Fig. 2),
roughly 75% of the starting 0.25 ML acetone coverage was pho-
todecomposed during the 45-min irradiation period. This result is
consistent with previous findings [40]. Coadsorption of 0.28 ML of
water (red curve) had only a slight effect on acetone photodecom-
position. In this case, the total coverage of acetone and water was
~0.53 ML; thus, likely no displacement of acetone from the first
layer by water occurred, and sufficient sites were available to al-
low O, to participate in the reaction. A nuance of this conclusion
is that the number of sites required for acetone photodecompo-
sition should be double the number required to bind acetone in
first place, because both the acetone diolate intermediate and the
product acetate require two sites per species, whereas acetone re-
quires only one site. Whether or not the acetone diolate or acetate
species once formed can displace coadsorbed water (or acetone) is
unknown. At a combined acetone and water coverage of ~1 ML
(0.25 and 0.79 ML, respectively), the total number of sites required
to complete the two-step reaction and still accommodate all of the
adsorbed water in the first layer would be ~1.25 ML, which is not
possible. The yellow trace in the bottom panel of Fig. 2 indicates
that a significantly greater amount of acetone remained unreacted
on the surface compared with the clean and 0.28-ML water cases.
The inhibiting influence of water continued, with coadsorption of
1.8 ML (green trace) and 2.9 ML (blue trace) of water. The 2.9-
ML coverage is nearly sufficient to completely prevent any pho-
todecomposition of the preadsorbed 0.25-ML coverage of acetone.
These TPD data clearly demonstrate the inhibiting effect of coad-
sorbed water on the photodecomposition of acetone on TiO,(110)
under UHV conditions.

Fig. 3 further illustrates the affect of water on acetone photode-
composition from the standpoint of the amount of acetate product
formed (see Fig. 1). Acetate thermally decomposes on TiO,(110) at
~600-700 K [47], predominately through a unimolecular process
that yields ketene (CH,CO) and OH [40]. The latter rapidly dispro-
portionates to form water. Fig. 3 shows mass 42 TPD traces for
the same data as shown in the lower panel of Fig. 2. As shown by
comparing these traces with those shown in Fig. 2, the desorption
features at temperatures below 450 K are from acetone, which has
a small QMS cracking contribution at mass 42. (The dashed trace
is from the mass 42 signal arising from TPD of 0.25 ML of ace-
tone on the clean surface without light.) The desorption features
at temperatures above 450 K are due to ketene based on the ra-
tios of the mass 42 to 28 to 14 signals (not shown). No mass 42
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Fig. 3. Mass 42 TPD spectra from the acetone photooxidation data shown in the
lower portion of Fig. 2. The dashed trace is the mass 42 signal from TPD of 0.25 ML
acetone on the clean TiO,(110) surface.

signal was observed above 450 K in the absence of photochem-
istry (dashed trace). The amount of ketene produced was about the
same for acetone alone and for acetone coadsorbed with 0.28 ML
of water (black and red traces, respectively). An approximate 20%
decrease in ketene formation was observed with a water coadsorp-
tion coverage of 0.79 ML. The amount of ketene formed continued
to decrease as more water was added to the surface before UV
irradiation. No other photoreaction products were observed, sug-
gesting that under UHV conditions, coadsorbed water did not steer
the acetone photodecomposition mechanism in a new direction.
The amounts of depleted acetone and generated acetate are
shown in Fig. 4. The acetone is shown as the fraction of acetone
depleted relative to the starting coverage of 0.25 ML (the axis on
the left), and the acetate is expressed as the mass 42 TPD peak
area from ketene (the axis on the right). The latter is scaled to fit
over the former. Both metrics show roughly the same effect. Low
water coverage has only a slight influence on acetone photodecom-
position, whereas higher coverage exerts a systematic attenuating
influence on acetone photodecomposition. No apparent promotion
of acetone photodecomposition occurs under these conditions.
Interpreting the adverse affect of water on the acetone pho-
todecomposition yield appears to be fairly straightforward. Even at
105 K, a large exposure of water appears to displace acetone from
the first layer into physisorbed states. The photodecomposition ef-
ficiency of physisorbed acetone, either through a direct excitation
process (such as is seen in the gas phase) or through a charge
transfer from the surface, is considerably less efficient than that
of the reaction scheme shown in Fig. 1. Under the conditions of
these experiments, the photodecomposition of acetone in the first
layer does not open up surface sites for similar processing of ph-
ysisorbed acetone molecules, because the reaction product, acetate,
is bound more strongly than water and blocks twice as many sites
as needed for acetone. Acetate also appears to be photolytically
more stable on the TiO,(110) surface than the reactant acetone.
Although the data presented here assume only one starting cov-
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Fig. 4. Fraction of acetone photodecomposed (left axis) and yield of ketene from
thermal decomposition of photogenerated acetate (right axis) both as a function of
water coadsorption coverage on the TiO»(110) surface. Data is taken from the TPD
traces shown in Figs. 2 and 3. The scale of the right axis is arbitrarily set so the two
sets of data overlay each other.

erage for acetone, interpretation of the data suggests that higher
acetone coverage will cause inhibition at lower coadsorption cov-
erages of water (and vice versa for lower coverages of acetone).
The key factor in the inhibition of acetone photodecomposition by
water appears to occur at the molecular level, involving water’s
ability to compress acetone into local regions of high coverage that
destabilize chemisorbed acetone, causing its displacement from the
first layer (even at 105 K).

4. Conclusion

These findings demonstrate that coadsorbed water has an in-
hibiting influence on the photodecomposition of acetone on the
TiO2(110) surface under UHV conditions. At low water and acetone
coverage, the inhibiting influence of water was not seen because
sufficient surface sites were available to accommodate reaction in-
termediates and products (which occupy more sites per species
than acetone) and to allow gas-phase O, access to the surface;
however, the rate of acetone photodecomposition was inhibited as
the total acetone plus water coverage approached first-layer satu-
ration. Virtually no acetone photodecomposition was detected with
~3 ML of coadsorbed water. Two factors contribute to this in-
hibition: the displacement of acetone from the first layer to the
physisorbed layer by coadsorbed water, and the blocking of O3’s
access to the surface by high collective coverage of water and
acetone. Because the dynamics of the water layers used in these
UHV studies are “frozen out” at the irradiation temperature used
(105 K), water coverage in excess of 1 ML on TiO; surfaces can dis-
place most of the preadsorbed acetone and prevent O, adsorption.
Water’s inhibitory effect should be less severe for similar water
coverage under typical applied conditions (at room temperature in
solution or humid atmospheres) than is found under UHV condi-

tions because dynamics in the water film will allow access of some
acetone and oxygen to the surface.
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