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ABSTRACT: Carbonyl coupling of aldehydes is critical to many
synthetic processes, including the development of alternative fuels and
useful synthetic chemicals. We report a general photoinduced process for
carbonyl coupling of aldehydes as a route to ketone synthesis. In contrast
to thermal carbonyl coupling of aldehydes with O2 to ketones via
carboxylate-type intermediates at high temperature, carbonyl coupling of
aldehydes (CH3CHO, CH3CH2CHO, PhCHO) to produce ketones on
anatase−TiO2(101) can be promoted by UV light below room
temperature with high efficiency on the Ti5c sites, while aldehydes can
also be decomposed during UV light irradiation. The mechanistic model
constructed in this study elucidates the crucial role of TiO2 as a
photocatalyst for synthetic reactions and provides a new pathway in
conversion of aldehydes to ketones.

■ INTRODUCTION

Since the discovery of photocatalytic splitting of water on TiO2
photoelectrode under ultraviolet (UV) light in 1972 by Honda
and Fujishima,1 a great deal of effort has been devoted to the
research of TiO2 materials, which has led to many potential
applications in areas ranging from photocatalysis and photo-
voltaics to thermocatalysis and sensors.2−9 Recently, there has
been a growing research interest in carbon−carbon coupling of
aldehydes10−24 due to interest in biomass conversion to fuels
and useful synthetic chemicals, such as olefins and ketones.
The McMurry reaction, aldol condensation, and ketonization

are important routes in which aldehydes (or carbonyl
containing species) can be converted into longer chain
molecules. McMurry reaction of aldehydes usually yields olefins
through reductive coupling of aldehydes on reduced TiO2
surfaces.11−15 Aldol condensation on TiO2 is initiated from
combination of two molecules of aldehyde to produce β-
hydroxyl aldehyde, which is easily dehydrated to form new
aldehyde or isomerized to form an olefinic alcohol.16−24 The 2-
butanone product from carbonyl coupling of acetaldehyde
(CH3CHO) as a main reaction channel is only observed on
highly reduced rutile(R)-TiO2(110) by Yang and co-workers,10

whereas ceria-based catalysts are active for ketonization of
aldehydes, in which the aldehydes are oxidized to a carboxylate-
type species on the surface that then couples to produce the
ketones with the evolution of CO2 and water (H2O).

25−27 In
early studies, ketonization of carboxylate-type species on TiO2
with the evolution of CO2 and H2O can be also achieved.28,29

Compared to ceria-based catalysts, the poor oxygen storage
capacity of TiO2 makes efficient ketonization of aldehydes via
carboxylate-type species nearly impossible. However, these
studies are focused on the thermal chemistry of aldehydes on
TiO2 surfaces, and ketonization from carbonyl coupling of

aldehydes is rarely observed. Thus, there is interest in
photoinduced carbonyl coupling of aldehydes to form ketones
without oxygen by using the photocatalytic properties of TiO2.
In this work, photoinduced ketonization from carbonyl
coupling of aldehydes (CH3CHO, propionaldehyde
(CH3CH2CHO), benzaldehyde (PhCHO)) on anatase(A)-
TiO2(101) has been carried out using temperature-pro-
grammed desorption (TPD). Our results clearly illustrate that
ketones formation via photoinduced carbonyl coupling of
aldehydes occurs efficiently on A-TiO2(101).

■ EXPERIMENTAL METHODS

TPD experiments were carried out in an ultrahigh vacuum
(UHV) chamber with a pressure in the low 10−11 Torr range.
Details of the TPD apparatus have been described elsewhere.30

The A-TiO2(101) single crystal was purchased from Princeton
Scientific Corp. (6 × 6 × 1 mm3). The surface was cleaned by
cycles of Ar+ sputtering and UHV annealing. Daily cleaning was
accomplished by annealing the crystal at 800 K for 30 min in
UHV. Aldehydes (Sigma-Aldrich, 99%) were purified by several
cycles of “freeze−pump−thaw” and then dosed to the sample at
100 K through a home-built calibrated molecular beam doser. A
266 nm ns laser (HIPPO, Spectra-Physics) with a power
intensity of 70 mW/cm2 and a repetition rate of 30 kHz was
used in this experiment. Annealing in vacuum at 800 K for 20
min between TPD experiments was performed to heal and
clean the surface. TPD signals were collected with a ramping
rate of 2 K/s and with the sample facing the mass spectrometer.
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■ RESULTS
Photoinduced Carbonyl Coupling of CH3CHO. Before

irradiation, TPD spectra of various mass traces with 0.8 ML (1
ML = 5.2 × 1014 cm−2) of CH3CHO-covered A-TiO2(101)
surfaces were measured, as show in Figure 1. Three desorption

peaks at 243, 390, and 580 K were observed (blue line). The
significant desorption peak at 243 K (m/z = 27, 28, 29, 41, 42,
43) is assigned to CH3CHO desorption from the five
coordinated Ti4+ sites (Ti5c). A recent scanning tunnel
microscopy (STM) study by He and co-workers31 shows that
a very low concentration of surface point defects on the A-
TiO2(101) surface can be formed by vacuum annealing. Thus,
no obvious butene product is observed via the self-coupling of
two CH3CHO molecules adsorbed on surface vacancy sites.
Based on previous studies of aldol condensation of CH3CHO
on signal-crystal and polycrystalline TiO2 surfaces,

14,20 the 390
K peak at m/z = 41 and 70 is due to crotonaldehyde formation,
while little signal of the 580 K peak at m/z = 31 (Figure 1)
suggests that the TPD peak does not mainly result from crotyl
alcohol or other alcohols desorption. Taking into account mass
spectrometer sensitivity factors, the 580 K product is identified
to be 2-butanone by comparison of the fragmentation pattern
of the evolving species to that given in the NIST database. This
assignment has been further verified by a separate experiment
with a 0.22 ML of 2-butanone-covered A-TiO2(101) surface
(Figure S1); the respective relative intensities of the 305 K
TPD peak for 2-butanone at m/z = 43, 57, and 72 are

1:0.062:0.098, which are nearly the same with those of the 580
K product (1:0.068:0.102). The higher ratio of m/z = 57 for
the 580 K peak product may be due to crotyl alcohol formation,
which is also desorbed at 580 K during TPD.
After irradiation, a big desorption peak is observed at 320 K

(m/z = 27, 43, 57, and 72). The respective relative intensities of
the 320 K peak at m/z = 43, 57, and 72 are the same as that of
2-butanone, clearly suggesting that the 2-butanone product is
formed during 266 nm irradiation via carbonyl coupling of
CH3CHO on the surface, while the other products, CO (125 K
peak at m/z = 28) and ethenone (635 K peak at m/z = 14, 42),
are also observed. Except these products, a broad peak from
280 to 700 K is observed in the TPD spectrum of m/z = 31,
which may be assigned to alcohols formation. However,
because of the small signal, it is hard to determine which
kind of alcohol it is.
With increasing irradiation time, the desorbed CH3CHO

signal, depicted in Figure 2A, decreases monotonically,
suggesting that the CH3CHO molecules on A-TiO2(101) are
photodesorbed or reacted to produce 2-butanone. Concom-
itant to the decrease of the CH3CHO TPD peak, the 2-
butanone product at 320 K appears in TPD spectra of m/z = 43

Figure 1. TPD spectra acquired at m/z = 27 (C2H3
+), 28 (CO+,

C2H4
+), 29 (CHO+), 31 (CH3O

+), 41 (C3H5
+), 42 (C2H2O

+, C3H6
+),

43 (C2H3O
+, C3H7

+), 46 (C2H6O
+), 56 (C4H8

+), 57 (C3H5O
+,

C4H9
+), 70 (C4H6O

+), and 72 (C4H8O
+) after irradiating the 0.8 ML

of CH3CHO-covered A-TiO2(101) surface 0 (blue) and 10 min (red).

Figure 2. A-TiO2(110) surface was dosed with 0.8 ML of CH3CHO at
100 K. (A) Typical TPD spectra collected at m/z = 29 (CHO+)
following different laser irradiation times. CHO+ is formed by
dissociative ionization of the desorbed parent CH3CHO molecule in
the electron-bombardment ionizer. (B) Typical TPD spectra collected
at m/z = 43 (C2H2O

+) following different laser irradiation times. m/z
= 43 (C2H2O

+) signal mainly has two components: the ion-fragment
signals of the parent CH3CHO molecule and the parent 2-butanone
product. (C) Yields of CH3CHO and 2-butanone as a function of
irradiation time following adsorption of 0.8 ML of CH3CHO on the A-
TiO2(101) surface at 100 K, derived from data in A and B.
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and increases in magnitude as laser irradiation time increases
(Figure 2B), while the 2-butanone product desorbed at 580 K
keeps unchanged. Compared to our previous study on thermal
carbonyl coupling of CH3CHO to produce 2-butanone with
surplus O atoms left on the highly reduced R-TiO2(110)
surface,10 the 2-butanone product detected after irradiation is
likely formed via carbonyl coupling of CH3CHO with an O
atom left on the surface.
To evaluate the importance of 2-butanone formation on A-

TiO2(101), the yields of CH3CHO and 2-butanone products
(at 320 K) as a function of UV light irradiation time have been
calculated and plotted in Figure 2C. After 20 min irradiation,
0.27 ML of CH3CHO is depleted and about 0.04 ML of 2-
butanone is produced, indicating that the 2-butanone formation
does not possibly occur via surface oxygen vacancy-assisted
carbonyl coupling of CH3CHO on the A-TiO2(101) surface
with a low concentration of surface point defects. As mentioned
above, the McMurry reaction, aldol condensation, and
ketonization are important routes in which aldehydes (or
carbonyl containing species) can be converted into longer chain
molecules. On TiO2 and CeO2 surfaces, ketonization of
carboxylate-type species with the evolution of CO2 and H2O
has only been achieved; thus, direct ketonization of CH3CHO
to 2-butanone is not possible.
The other two mechanisms are possible. For the McMurry

reaction,15 the pinacolate intermediate (CH3−C(HOTi5c)−
C(HOTi5c)−CH3) may be formed by carbonyl coupling of
CH3CHO first and then the intermediate maybe undergoes
deoxygenation of O atoms to yield 2-butanone products

→ −

→ ‐ +

2CH CHO CH C(HO ) C(HO )CH

2 butanone(Ti ) O
3 Ti5c 3 Ti5c Ti5c 3

5c Ti5c (1)

For the aldol condensation route, one CH3CHOTi5c molecule
isomerizes to enolate first14

+ → +CH CHO O CH CHO OH3 Ti5c 2c 2 Ti5c 2c (2)

and then crotonyl alcohol and crotonaldehyde can be formed

+

→ +





CH CHO CH CHO

CH CH CHCHO OH
2 Ti5c 3 Ti5c

3 Ti5c Ti5c (3)

+

→





CH CH CHCHO 2H

CH CH CHCH OH
3 Ti5c surface

3 2 Ti5c (4)

As shown in Figure 1, before irradiation, obvious crotonalde-
hyde product was produced during the TPD process, while no
signal of crotonyl alcohol was detected. After irradiation, the
increased TPD signal at m/z = 31 indicates that crotonyl
alcohol may be formed during UV irradiation. On the basis of
early studies in solutions,32−35 crotonyl alcohol could isomerize
to α-methyl allyl alcohol first and further isomerize to 2-
butanone

→ − − CH CH CHCH OH CH CH CHOH CH3 2 Ti5c 2 Ti5c
(5)

− − → ‐CH CH CHOH CH 2 butanone(Ti )2 3Ti5c 5c (6)

In this work, photoinduced isomerization of crotonyl alcohol
on A-TiO2(101) maybe occurs. Later, the possible mechanisms
will be discussed in detail.
After 20 min irradiation, 0.27 ML of CH3CHO is depleted

and about 0.04 ML of 2-butanone is produced. The other 0.19

ML of CH3CHO may be desorbed or reacted to produce other
easily photodesorbed products during UV irradiation. To
identify other possible reaction channels, the time-of-flight
(TOF) method was employed to detect possible products
directly ejected from the CH3CHO-covered surface using a
third harmonic (266 nm) of a femtosecond laser (Coherent
Co., 1 kHz, 70 fs, 70 mW/cm2). As shown in Figure 3, TOF

signals of m/z = 15 (CH3
+), 28 (CO+), 29 (CHO+), and 44

(CO2
+, CH3CHO+) were detected. A previous study of

CH3CHO photochemistry on preoxidized R-TiO2(110)
36 by

Henderson and co-workers found that the decomposition of
CH3CHO with UV irradiation undergoes ejection of a methyl
radical (CH3

•) into the gas phase and conversion of the
surface-bound fragment into formate via a CH3CHO−O
complex

+ → −
→ +

→ +

•
CH CHO O CH CHO O

formate CH

Or acetate OH

3 Ti5c Ti5c 3 Ti5c Ti5c

3

2c (7)

Direct dissociation of CH3CHO to produce CH3
• and HCO•

radicals or CH4 and CO could be also achieved at 266 nm
irradiation37

→ +• •CH CHO HCO CH3 Ti5c 3 (8)

→ +CH CHO CO CH3 Ti5c 4 (9)

Here, the much larger TOF signals of m/z = 15 and 28 (Figure
3) suggest that the three decomposition channels are all
possible. The little TOF signal of m/z = 44 implies that a small
amount of CH3CHO is desorbed during irradiation. Although
the decomposition of CH3CHO on A-TiO2(101) may occur
through three or even more parallel reaction channels, the
formation of 2-butanone via photoinduced carbonyl coupling of
CH3CHO is very efficient.

Photoinduced Carbonyl Coupling of CH3CH3CHO. In
order to further confirm whether photoinduced carbonyl
coupling of aldehydes to ketones on the surface is universal,
photolysis of two other aldehydes (CH3CH2CHO, PhCHO)

Figure 3. TOF signals of m/z = 15 (CH3
+), 28 (CO+), 29 (CHO+),

and 44 (CO2
+, CH3CHO

+) yield from the A-TiO2(101) surfaces
prepared with 0.8 ML of adsorbed CH3CHO. TOF signals were
accumulated for 20 min during 266 nm irradiation.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b02713
J. Phys. Chem. C 2016, 120, 9897−9903

9899

http://dx.doi.org/10.1021/acs.jpcc.6b02713


on A-TiO2(101) was also carried out. As shown in Figure 4,
TPD spectra of various mass traces with a 0.7 ML of

CH3CH2CHO-covered A-TiO2(101) surface were measured
as well. Before irradiation, three desorption peaks at 260, 270,
and 365 K are observed (blue line). The significant desorption
peak at 260 K (m/z = 27, 28, 29, 30, 58) is assigned to
CH3CH2CHO desorption from the Ti5c sites. Considering the
detection efficiencies of different masses of our quadrupole
mass spectrometer and other possible mass traces, 2-methyl-2-
pentenal (CH3CH2CHC(CH3)CHO) formation (365 K
peak) is identified by comparison of the fragmentation pattern
of the evolving species to that given in the NIST database.
Similar to the crotonaldehyde formation on the A-TiO2(101)
surface, 2-methyl-2-pentenal (CH3CH2CHC(CH3)CHO)
can be produced via aldol condensation of CH3CH2CHO

+ → +CH CH CHO O CH CH CHO OH3 2 Ti5c 2c 3 Ti5c 2c
(9a)

+

→ +





CH3CH CHO CH CH CHO

CH CH CH C(CH )CHO OH
Ti5c 3 2 Ti5c

3 2 3 Ti5c Ti5c (10)

+ → +OH OH O H OTi5c 2c 2c 2 Ti5c (11)

The desorption peak at 270 K (m/z = 18) is assigned to the
desorption of molecularly adsorbed H2O at the Ti5c sites
(H2OTi5c). The coverage of H2OTi5c is about 0.06 ML.

However, the ratio of H2O in our CH3CH3CHO sample is
less than 0.5%. This clearly demonstrates that the reaction
routes (reactions 9−11) for aldol condensation of
CH3CH2CHO are reasonable, while the low desorption
temperature of H2O indicates that the aldol condensation of
CH3CH2CHO occurs very easily on A-TiO2(101). The little
signal of the 365 K peak at m/z = 31 suggests that little crotyl
alcohol or other alcohols is formed.
After 20 min irradiation, three new peaks at 110 (m/z = 27,

28, 29, and 30), 148 (m/z = 44), and 345 K (m/z = 43, 71, and
100) appear. Similar to 2-butanone formation from photo-
induced carbonyl coupling of CH3CHO on A-TiO2(101), the
345 K peak may be assigned to 3-hexanone, while the
respective relative intensities of the 345 K product at m/z =
43, 71, and 100 (1:0.286:0.071) is the same as that of 3-
hexanone (1:0.284:0.072 in Figure S2), demonstrating that
photoinduced carbonyl coupling of CH3CH2CHO also occurs
on this surface. Considering the detection efficiencies of
different masses of our quadrupole mass spectrometer and
other possible mass traces, the 110 K peak corresponds to
ethane (C2H6) production, which clarifies the direct photo-
dissociation channels of CH3CH2CHO on A-TiO2(101).

38 The
148 K peak is mainly detected in the TPD of m/z = 44,
demonstrating that the peak corresponds to CO2 desorption.
As UV irradiation time increases, the desorbed

CH3CH2CHO and 2-methyl-2-pentenal signals (Figure 5A)
decrease monotonically. The 3-hexanone product at 345 K
appears and increases in magnitude in the TPD spectra of m/z
= 43 (Figure 5B). After 40 min irradiation, 0.3 ML of
CH3CH2CHO is consumed and about 0.06 ML of 3-hexanone
is produced (Figure 5C). The other 0.18 ML of CH3CH2CHO
may be desorbed or decomposed through the pathways that are
similar to those of CH3CHO. The C2H6 production clarifies the
existence of direct photodissociation channels of CH3CH2CHO
on A-TiO2(101).

38 Similar to the surface OTi5c atoms assisted
photodecomposition of CH3CHO on A-TiO2(101), the surface
OTi5c atoms assisted photodecomposition of CH3CH2CHO is
also possible

+ → −
→ +

→ +

•
CH CH CHO O CH CH CHO O

formate CH CH

Or propionate OH

3 2 Ti5c Ti5c 3 2 Ti5c Ti5c

3 2

2c
(12)

Photoinduced Carbonyl Coupling of PhCHO. Photol-
ysis of PhCHO on A-TiO2(101) was further investigated. As
shown in Figure 6A, PhCHO (parent ion m/z = 106) desorbs
in three features: (1) a high-temperature peak at ∼480 K, (2) a
middle-temperature peak at ∼310 K, and (3) a low-temperature
shoulder at 210 K. The desorption feature is similar to that of
PhCHO observed on R-TiO2(110).

12 With increasing irradi-
ation time, two new peaks at 430 and 600 K appear in TPD
spectra of m/z = 105 and increase significantly (Figure 6B).
Considering the detection efficiencies of different masses of our
quadrupole mass spectrometer and other possible mass traces
(Figure 7), benzyl phenyl ketone [largest ion-fragment m/z =
105 (C7H5O

+)] is identified by comparison of the fragmenta-
tion pattern of the evolving species to that given in the NIST
database. Unfortunately, because of the low vapor pressure of
benzyl phenyl ketone, a separate TPD experiment of benzyl
phenyl ketone on A-TiO2(101) could not be accomplished to
calculate the yield of benzyl phenyl ketone as well as the yield
of benzyl phenyl ketone.

Figure 4. TPD spectra acquired at m/z = 18 (H2O
+), 27 (C2H3

+), 28
(CO+, C2H4

+), 29 (CHO+), 31 (CH3O
+), 43 (C2H3O

+, C3H7
+), 44

(C2H4O
+, C3H8

+), 58 (C3H6O
+), 69 (C4H5O

+), 71 (C4H7O
+), 83

(C5H7O
+), 98 (C6H10O

+), and 100 (C6H12O
+) after irradiating the

0.7 ML of CH3CH2CHO-covered A-TiO2(101) surface 0 (blue) and
20 min (red).
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■ DISCUSSION
Although the formation of ketones involves several steps of
photoinduced C−H bond scission, no H2 is observed during
both UV irradiation and the TPD process. There may be two
reasons for no evidence of H2 desorption. First, the H2
background in the detecting zone is still high; it is not easy
for us to detect molecular H2 desorption during UV irradiation
using the TOF method. Second, the formation of ketones will
leave O atoms on the surface; H atoms can be depleted by the
O atoms to produce H2O. Thus, there is no obvious evidence
of molecular H2 desorption.
As shown in Figure 5, 3-hexanone formation seems to be

related with the 2-methyl-2-pentenal depletion, while on the 0.8
ML of CH3CHO-covered A-TiO2(110) surface, the 2-butanone
production seems also to be related with the crotonaldehyde
depletion. As discussed above, 2-butanone may be formed
through crotonaldehyde hydrogenation and isomerization
processes. However, with the similar hydrogenation and
isomerization processes, the 3-hexanone product cannot be
formed from 2-methyl-2-pentenal. Thus, the mechanism for
ketones formation from aldehydes via ketenes is impossible.

According to the mechanism of the McMurry reaction and
previous studies of aldehydes on rutile TiO2 surfaces,10−24

surface low-valent Ti sites play an important role for carbonyl

Figure 5. A-TiO2(110) surface was dosed with 0.7 ML of
CH3CH2CHO at 100 K. (A) Typical TPD spectra collected at m/z
= 29 (C2H5

+, CHO+) following different laser irradiation times. C2H5
+

and CHO+ are formed by dissociative ionization of the desorbed
parent CH3CHO molecule in the electron-bombardment ionizer. (B)
Typical TPD spectra collected at m/z = 43 (C2H2O

+) following
different laser irradiation times. The m/z = 43 (C2H2O

+) signal mainly
has two components: the ion-fragment signals of the parent
CH3CH2CHO molecule and the parent 3-hexanone product; the
intensity of the TPD peak of other species are too small to be assigned.
(C) Yields of CH3CH2O and 3-hexanone as a function of irradiation
time following adsorption of 0.7 ML of CH3CH2CHO on the A-
TiO2(101) surface at 100 K, derived from data in A and B.

Figure 6. A-TiO2(110) surface was dosed with 0.7 ML of PhCHO at
100 K. (A) Typical TPD spectra collected at m/z = 106 (C7H6O

+)
following different laser irradiation times. (B) Typical TPD spectra
collected at m/z = 105 (C7H5O

+) following different laser irradiation
times. The m/z = 105 (C7H5O

+) signal mainly has two components:
the parent ion signal of PhCHO and the ion-fragment signals of the
parent benzyl phenyl ketone molecule product.

Figure 7. TPD spectra acquired at m/z = 65 (C5H5
+), 77 (C6H5

+), 78
(C6H6

+), 91 (C7H7
+), 105 (C7H5O

+), and 106 (C7H6O
+) after

irradiating the 0.7 ML of PhCHO-covered A-TiO2(101) surface 0
(blue) and 20 min (red).
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coupling reaction of aldehydes. However, a recent study of
reductive CC coupling of benzaldehyde on the oxidized R-
TiO2(110) surface by Benz and co-workers12 demonstrated
that the Ti interstitials at the subsurface region play an
important role in the McMurry-type coupling of PhCHO. For
the reduced A-TiO2(101) surface used in the experiment,
intrinsic defects reside (Ti interstitials) predominantly in the
subsurface region with a substantially lower formation energy
than at surface sites.31 Therefore, the 2-butanone, 3-hexanone,
and 2-methyl-2-pentenal products formed via carbonyl coupling
reaction of aldehydes on the Ti5c sites of the A-TiO2(101)
surface without irradiation are most likely to be driven by the Ti
interstitials in the subsurface region. Upon photoexcitation, the
low-valent Ti sites (Ti3+) on the surface can be produced via
reduction of surface Ti5c (Ti4+) sites with excited electrons.
Then part of the aldehyde molecules on the Ti3+ sites are likely
to react with adjacent aldehyde molecules to form the
pinacolate intermediate (R−C(HOTi5c)−C(HOTi5c)−R, R =
CH3, CH3CH2, Ph) (Figure 8). Finally, the ketone products

may be formed from the pinacolate intermediates during UV
irradiation or during the TPD process. However, the
desorption temperatures of ketone products (2-butanone and
3-hexanone) produced with UV irradiation are about 200 K
lower than that observed without irradiation, implying that the
formation of the ketone products is most likely to be driven by
charge carriers generated during UV irradiation and not by heat
during the TPD process.
Without irradiation, the 2-methyl-2-pentenal product is

formed via aldol condensation of CH3CH2CHO with the
evolution of H2OTi5c. After irradiating the 0.7 ML of
CH3CH2CHO-covered A-TiO2(110) surface for 20 min, the
2-methyl-2-pentenal product via aldol condensation decreases
significantly on the surface (Figure 5), which will lead to the
decrease of H2OTi5c formation. However, the amount of
H2OTi5c produced on the surface keeps unchanged; the H2O
absolutely does not come from the CH3CH2CHO sample. As
the 3-hexanone product is produced, surplus O atoms will be
left on the Ti5c sites of the surface (OTi5c), while through
reaction 12, part of the OTi5c atoms can be depleted with the
evolution of OH2c. Further, the OH2c groups formed via
reaction 12 will react with the OTi5c atoms to produce H2OTi5c

+ → +2OH O O H O2c Ti5c 2c 2 Ti5c (13)

Thus, the H2OTi5c may keep unchanged as the amount of
H2OTi5c produced via aldol condensation of CH3CH2CHO
decreases. Besides, our previous studies of photoinduced
decomposition of formaldehyde (CH2O) on R-TiO2(110)

39

found that bridging oxygen atoms are intimately involved in the
photoinduced decomposition of CH2O on R-TiO2(110). On
A-TiO2(101), O2c atoms may be also possibly involved in the
photoinduced decomposition of aldehydes.

■ SUMMARY
In summary, our experimental results show the photoinduced
carbonyl coupling reaction of aldehydes occurs on A-
TiO2(101) efficiently, 2R−CHOTi5c → R−CH2−CO−R
(Ti5c) + OTi5c. A possible mechanism has thus been derived
for the oxidation of the simple aldehyde precursors on a model
TiO2 surface to build more complex molecules. The
observation that ketone formation is promoted by light at
low temperatures further demonstrates the utility of TiO2 as a
photocatalyst for synthetic reactions, unlike noble metals which
typically act as thermal catalysts.
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