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The aldol condensation of acetaldehyde, CH.CHO, to form crotonaldehyde. CH.CH=CHCHO,.
and crotyl alcohol, CH;CH=CHCH.OH, takes place on single-crystal surfaces of TiO, (rutile),
even under ultrahigh-vacuum conditions. Both the {011}-faceted TiO-001) surface (which nominally
expaoses only fivefold coordinated cations) and the {1 {4}-faceted (001) surface (which exposes four-.
five-, and sixfold coordinated cations) are active for this bimolecular reaction. This observation is
in contrast to the sharp activity difference between these two surfaces for carboxylate ketonization
and suggests that aldol condensation does not exhibit a strong dependence on surface structure.
The principal reaction observed in TPD and XPS experiments to compete with aldolization of
acetaldehyde was reduction to ethanol: Cannizzaro disproportionation to acetate plus ethoxides
and reductive coupling to butene were minor pathways. The aldolization selectivity increased
somewhat as the surface heterogeneity increased from the {01 1}-faceted TiO»001) surface. 10 the
{114}-faceted (001) surface, and to polycrystalline TiO, (anatase) powder. This selectivity variation
likely reflects the influence of surface heterogencity on the activity for the various competing
reactions, especially hydrogenation; the aldol coupling reaction. although bimolecular, appears to
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be relatively insensitive to surface structure.

INTRODUCTION

The chemistry of oxygen-containing re-
agents on surfaces of metal oxides is the
basis of catalytic processes as varied as
selective oxidation, alcohol synthesis, re-
duction, condensation, etherification. and
gasoline production from methanol. The se-
lectivities in such processes lie in the details
of the oxide properties, the nature of the
surface—adsorbate interaction, and the pro-
cess conditions. Important characteristics
of solid oxide catalysts which influence re-
activity include acid-base properties, redox
properties, and surface structures. The rich-
ness of this chemistry has motivated numer-
ous studies of the catalytic reactivity of ox-

" Present address: SABIC, P.O. Box 5101, Riyadh
11422, Saudi Arabia.

! Present address: Yukong Lid., Ulsan Research
Center. P.O. Box 4, Ulsan, Kyung-Nam, South Korea.

¥ To whom correspondence should be addressed.

ides. Among the studies of oxygenates on
oxide surfaces, both single crystals and
powders. one can find those of carboxylic
acids (/—4), alcohols (5-8), aldehydes
(9-11), ketones (//-13), and esters (/14-15).
Aldehydes, in particular, are among the
most versatile probe reagents because of
their ability to form C-C bonds by conden-
sation, in addition to the possibility of their
oxidation to carboxylic acids (/6) and reduc-
tion to alcohols (/7). Aldehyde reactions ob-
served on oxide surfaces include Cannizz-
aro-type reactions (/8, 19}, condensation
reactions (//, 20-23), selective reduction
(/7), selective oxidation (/6), acetal forma-
tion (23), and carbonyl metathesis (24). An
examination of the chemistry of the simplest
aldehyde, formaldehyde, reveals that these
reactions often do not occur cleanly. For
example, the Cannizzaro reaction of formal-
dehyde to formate and methoxide species
has been observed on different oxides in-
cluding TiO, (/8), ThO, (18), CeO, (/19),
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ZnAl,O, (25) powders, and MgO(100) (26)
and TiO,(001) (27) single crystals. Direct ox-
idation of formaldehyde to formates com-
petes with this reaction on ZnAl,O, pow-
ders, leading to an excess of surface
formates (25). Direct reduction to methox-
ides occurs on reduced, defective TiO,(001)
single-crystal surfaces (27) producing an ex-
cess of methoxides on the surface; this ex-
cess decreases on more oxidized surfaces
of the same single crystal. The MgO(100)
surface is highly selective for the Canniz-
zaro reaction, forming equal amounts of
methoxides and formates from formalde-
hyde (26). The ZnO(0001) surface is more
selective for simple oxidation of formalde-
hyde to formates as expected for a more
easily reduced material (28). These results
clearly indicate that formaldehyde reaction
and decomposition on oxide surfaces, even
single crystals, ts complex and may depend
critically on the nature of the oxide and its
pretreatment (especially with regard to oxi-
dation/reduction).

The chemistry of higher aldehydes 1s
potentially even more complex. Formalde-
hyde cannot undergo the aldolization
reaction because it does not contain
a-hydrogens (29). However, aldol conden-
sation reactions of C,, saturated and unsat-
urated aldehydes commonly occur on differ-
ent oxides. It has been reported that titania
powder catalyzes aldolization of C, and C,
saturated aldehydes to produce C, and Cq
a,B-unsaturated aldehydes with high yields
(30). Other oxides also catalyze self- and
cross-aldolization of aldehydes and ke-
tones; active materials include MgO (37,
32), Ca0 (31, 32), La,0;(31), ZrO,(31), Sn/
Si0, (33), and Al,O, (34). We have recently
observed aldolization of acetaldehyde with
high selectivity to crotonaldehyde and cro-
tyl alcohol on other oxides such as CeO,,
mixed Fe (11, 11I) oxides, and Cr,0, (35),
during TPD experiments on powders at at-
mospheric pressure. The fact that aldoliza-
tion can be catalyzed in basic as well as in
acidic environments (36-38) to yield higher
a,fB-unsaturated compounds makes this
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C-C bond-forming reaction an interesting
probe of heterogeneous catalytic systems.
The presence of other reaction channels,
such as direct reduction and direct oxida-
tion, Cannizzaro and Tischenko reactions,
reductive coupling, can divert the chemistry
to other products. For example, on a
TiO,(001) single-crystal reduced by argon
ion bombardment, we have observed that
C,. aldehydes undergo reductive coupling
to form symmetric olefins (24). Surface oxi-
dation would be expected to decrease reduc-
tive coupling, possibly promoting aldoliza-
tion. However, oxidized surfaces may also
favor the Cannizzaro reaction, which would
produce acetates and ethoxides from acetal-
dehyde, for example. These intermediates
can also lead to higher carbon-number prod-
ucts; we have observed that acetates
(formed by acetic acid dissociation) produce
acetone in a structure-sensitive reaction on
the {I14}-faceted structure of the TiO,(001)
surface (2). Given the complexity of this
chemistry, it is essential to examine these
rcactions on well-defined surfaces under
well-defined conditions in order to unravel
the network of coupling reactions and the
influence of surface structure and composi-
tion on these. In an effort to understand the
reactions of higher aldehydes and to com-
pare them to those of formaldehyde (27),
temperature-programmed desorption (TPD)
and X-ray photoelectron spectroscopy
(XPS) studies of acetaldehyde were carried
out on the two stable faceted structures of
a Ti0.(001) single-crystal surface, as well
as on titania powder (anatase). The {011}-
faceted structure of the TiO,(001) surface
was obtained by annealing the sputtered sur-
face to ca. 750 K for 20 min and the {114}-
faceted structure was obtained by annealing
the {011}-faceted surface to ca. 950 K for
20 min (2). Both faceted structures contain
titanium cations in their highest (4 4) oxida-
tion states (39). Al Ti** cations are fivefold
coordinated in the {011}-faceted structure,
while they are four-, five-, and sixfold coor-
dinated in the {1 14}-faceted structure (40).
Results from these single-crystal surfaces
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were compared with those from a TiO, (ana-
tase) powder, which presumably contains
all the site types (and likely a number of
others) occurring on the single-crystal
samples.

EXPERIMENTAL
Single-Crystal Experiments

TPD experiments were conducted in a
stainless-steel, ion-pumped ultrahigh-vac-
uum chamber, Physical Electronics Model
548, described previously (2, 6). The UHV
system was equipped with a single-pass cy-
lindrical mirror analyzer for AES, four-grid
LEED optics, and a quadrupole mass spec-
trometer for monitoring gaseous products.
A cylindrical quartz envelope enclosed the
ionizer of the mass spectrometer probe in
order to minimize stray desorption from the
sample mounting hardware. The envelope
had an aperture of smaller diameter than
that of the front face of the sample located
at the end of the ionizer. Two additional
openings were placed on each side of the
envelope to facilitate pumping. The mass
spectrometer was multiplexed with an IBM
personal computer used for data acquisition
in TPD experiments and for subsequent data
manipulation. A typical TPD experiment
was begun by dosing the sample at room
temperature with acetaldehyde. After dos-
ing, the chamber was pumped down until
a stable background pressure was reached,
typically ca. 5 x 107'° Torr; the sample
was then positioned in front of the mass
spectrometer. Heating was initiated (1.2 K/
s) and the desorption flux was monitored
with the mass spectrometer. As many as 50
masses were scanned simultaneously as a
function of temperature during a single TPD
experiment. XPS experiments were con-
ducted in a VG Scientific ESCALAB, de-
scribed previously (26), equipped with a
twin-anode X-ray source, ultraviolet lamp,
LEED optics, electron and ion guns, and
a UTI mass spectrometer also multiplexed
with an IBM personal computer.

The (001)-oriented TiO, single-crystal
sample (10 x 9 x 1.5 mm) was prepared
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from a rutile single-crystal boule (99.99%,
Atomergic Chemetals Corp.). The crystal
was aligned to within 0.5° of the (001) plane
by the Laue method. After installation in the
vacuum chamber the sample was cleaned by
repeated cycles of argon ion bombardment
(2 keV Ar* beam/20 min) and annealing (30
min at 900-950 K). The clean sample exhib-
ited an AES O(510 eV)/T1(380 eV) peak-to-
peak ratio of ca. 1.65-1.70, typical of a fully
oxidized TiO, single-crystal surface (2, 39,
40). AES measurements were conducted us-
ing a 2-keV electron beam. The electron
beam was defocused on the sample at a
beam current of 0.1 uA to avoid surface
reduction caused by electron beam damage.

The Ti0, sample was mounted by means
of a sample holder made of tantalum foil
(0.127 mm thick), which was described pre-
viously (26). Cooling of the sample was
achieved via conduction by contacting the
sample holder assembly with a liquid nitro-
gen reservoir. The lowest temperature that
could be reached with this sample mount in
the VG ESCALAB was 250 K; the C(ls)
spectrum after acetaldehyde adsorption at
170 K was obtained with the PHI Model
550 system described previously (2). The
sample temperature was monitored in all
cases by means of a chromel-alumel ther-
mocouple attached to the side of the sample
using high-temperature cement (Aremco
Ultra-Temp 516). AES and XPS measure-
ments showed that no migration of the ce-
ment occurred during heat treatment of the
sample throughout the experiments (2, 6).

Acetaldehyde was contained in a glass
sample tube attached to the dosing mani-
fold. Prior to use, acetaldehyde was cleaned
by freeze~pump-thaw cycles. The reactant
vapors were dosed onto the single-crystal

sample through variable leak wvalues
equipped with stainless-steel  dosing
needles.

A typical XPS experiment consisted of an
initial exposure of the sample using the same
procedure as that for the TPD experiments.
After pump down, the sample was posi-
tioned under the X-ray source and the spec-
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trum was collected. For all spectra the
C(ls), O(ls), and Ti(2p) regions were
scanned. For experiments in which XPS
spectra were collected as a function of tem-
perature, the first set in the series was col-
lected as described above; the sample was
then heated to the desircd temperature and
allowed to cool to the original dosing tem-
perature before additional spectra were col-
lected. All TPD and XPS data illustrated
were obtained following saturation expo-
sures of acetaldehyde (ca. 2-3 langmuir
based on measurement of the uncorrected
chamber pressure during direct dosing, i.e.,
with the crystal in front of the dosing
needle).

Titania Powder Experiments

Titania (anatase) powder was obtained
from American Instrument Co. (BET sur-
face area 10.3 m%/g: its properties were pre-
viously described in detail (7)). Titania pow-
der (100 mg) was placed on a fritted glass
disk support (1.5 mm length, 10 mm diame-
ter) within a quartz reactor and was pre-
treated in He at 773 K for 2 h (flow rate 30
ml/min). A quadrupole mass spectrometer
operating at a pressure of ca. 1077 Torr was
used for product detection. The mass spec-
trometer chamber was connected to the flow
reactor system by an atmospheric pressure
sampling module (APSM) from UTI, which
decreased the pressure to the operating
range of the quadrupole. An IBM personal
computer was used for data acquisition. The
pretreated TiO, sample was exposed at
room temperature to acetaldehyde vapor
(ca. 400 Torr at 4°C) in He flow (30 ml/min)
until saturation. After dosing, the sample
was purged with a flow of He at 30 ml/min
for | h. The reactor was then heated (30 K/
min) at the same He flow rate to 850 K. As
many as 50 masses could be sampled every
2-3 s with the multiplexed UTI 100 C mass
spectrometer.

The saturation exposure of acetaldehyde
on the powder sample was determined by
adjusting the mass spectrometer to m/e 29
(the most abundant cracking fragment of ac-
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spectromeler sensitivity) after acetaldehyde adsorption
atroom temperature on the {01 1}-faceted TiO-(001) sin-
gle crystal (the 750 K-annealed surface).

etaldehyde) and monitoring the signal while
bypassing the reactor. After stabilization of
the signal, the flow of acetaldehyde vapor in
He was passed through the reactor and a
sharp decrease of the signal was observed,
indicative of uptake by the sample. After
3-5 min, depending on the amount of cata-
lyst, the m/e 29 signal in the gas stream
returned to its original value, indicative of
surface saturation.
RESULTS

TPD of Acetaldehyde from the
TiO011)-{011}-Faceted Surface

TPD of acetaldehyde from the 750 K-an-
nealed TiO,(001) surface provided clear evi-
dence for carbon-carbon bond formation
beginning at temperatures as low as 400 K.
Figure 1| presents the desorption spectra for
representative mass fragments after acetal-
dehyde adsorption at room temperature.
Three reaction channels are evident. The
first at ca. 370-380 K consisted of water,
acetaldehyde (CH,CHO, m/e 29, 44), and
ethanol (CH;CH,OH, m/e 46, 45, 31). The
second channel, at 440 K, contained higher
molecular wieght products identified as cro-
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tonaldehyde (CH,CH=CHCHO, m/e 70)
and crotyl alcohol (CH;CH=CHCH,OH,
m/e 72). A third channel, at ca. 550 K, pro-
duced traces of butene (CH;CH=CHCH;,
m/e 56, 41) in addition to small amounts of
crotonaldehyde and crotyl alcohol.

The appearance of significant yields of
products with masses greater than that of
the reactant acetaldehyde provides clear ev-
idence for association reactions on the sur-
face. Before considering the gquantitative
analysis of the product distribution, it is
worthwhile to consider, based on qualitative
inspection of the TPD data, potential higher
molecular weight products that can be omit-
ted from further consideration. First, the
signal for m/e 60 was negligible throughout
the temperature range examined; thus the
oxidation of acetaldehyde to acetic acid can
be immediately ruled out. This conclusion is
entirely consistent with our previous single-
crystal and powder experiments with alde-
hydes and alcohols, which demonstrated the
absence of oxidation activity of TiO, in the
absence of gas-phase oxygen (6, 7). Second,
there was no evidence for the parent mass
(m/e 88, 87). which would correspond to
CH.CH(OH)CH-CHO, the product of sim-
ple aldol coupling (without further reaction)
of acetaldehyde. Likewise there was no de-
tectable signal for m/e 132 corresponding to
the cyclic trimer. trimethyl trioxane, which
has been reported on some metal surfaces
41).

The principal reaction products of acetal-
dehyde on the TiO5(001)-{011}-faceted sur-
face correspond to the following net reac-
tions:

ethanol: reduction

crotonaldehyde: aldol condensation, de-
hydration

crotyl alcohol: aldo condensation, dehy-

dration, reduction

butene: reductive coupling.

The relative yields of all carbon-con-
taining products are listed in Table 1. These
values were calculated from the TPD spec-
tra of individual mass fragments as follows:

123

TABLE 1

Product Distribution for Acetaldehyde TPD on the
{011}-Faceted Surface

Peak
temperature (K)

Fractional
vield

Product

Water — 370-380

Acctaldehyde (miie 292 2.3 0.30 370-380
Ethanol tmie 31:2.1) 0.36 IT0-3R0
Butene (riie 56 2.5} .01 SS0-570
Crotonaldehyde (mfe 70:5.6) .15 450
Crotonaldebyde 0.04 S50-570
Crotyl dicohol tmie 72:22) 0.03 450

Crotyl alcohol 0.1 SS0-570
Total Celed area 143 eV Room temperature

Y Mass spectrometer correction factor,
P C1s) peuk area from XPS after acetaldehyde adsorption at room
temperature.

1. The peaks at 380, 440, and 560 K were
separated and the area under each was ob-
tained by numerical integration.

2. The experimentally determined frag-
mentation pattern for ethanol was scaled to
account for the entire m/e 31 signal at 380
K and subtracted from the peak area of each
mass at this temperature.

3. The remainder of the 380 K peak was
accounted for by scaling the acetaldehyde
cracking pattern to account for the remain-
der of the m/e 29 signal.

4. The fragmentation pattern for crotyl
alcohol was scaled to account for all of the
ni/e 72 signal at 440 K and subtracted from
the distribution.

5. The remainder of the 440 K peak was
accounted for by scaling the crotonaldehyde
fragmentation pattern to match the re-
maining signal for m/e 70.

6. The peak areas at 560 K were analyzed
in the same fashion as those of the 440 K
peak: the remainder of the signal for m/e 41
(after subtraction of the contributions from
crotonaldehyde and crotyl alcohol) and the
entire m/e 56 signal were assigned to butene,

7. Relative yields of each product were
determined from the above scaling factors
using mass spectrometer sensitivity factors
(listed in Table I) calculated by the method
of Ko et al. (42). There were put on a per-
centage total carbon basis, shown in Table
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1, by normalizing with respect to the carbon
number of each product. The RMS percent-
age error (percentage of the mass spectrom-
eter signal, positive or negative, for each
mass remaining at the end of the analysis)
was 5.7%, based on the 14 most abundant
masses.

As shown in Table 1, only 30% of the
acetaldehyde molecules initially adsorbed
desorbed intact, 36% were hydrogenated to
ethanol, and 34% were coupled to form the
C, products crotonaldehyde and crotyl alco-
hol. These high yields of aldol condensa-
tion products from aldehydes on the
TiO,(001)-{011}-faceted surface are in sharp
contrast to the negligible yields of bimolecu-
lar ketonization products from carboxylic
acids on this surface. The ketonization reac-
tion requires Ti** cations with pairs of coor-
dination vacancies (2), a requirement met
by the {114}-faceted but not by the {011}-
faceted surface. Thus, it is apparent from
Fig. 1 alone that bimolecular coupling of
aldehydes via aldolization does not exhibit
the same dependence on surface structure
as the bimolecular ketonization of carboxy!-
ates; i.e., aldolization does not appear to be
a structure-sensitive reaction.

TPD of Acetaldehyde on the
TiO(001)-{! I14}-fuceted Surface

TPD spectra for acetaldehyde desorption
from a TiO,(001) surface previously an-
nealed at 950 K (Fig. 2) were qualitatively
similar to those for the 750 K-annealed sur-
face (Fig. 1). There were several surprising
differences, however. On the 950 K-an-
nealed surface peaks for acetaldehyde, cro-
tonaldehyde and crotyl alcohol converged
to a common shape and 400 K peak tempera-
ture, in contrast to the ca. 60 K separation
on the 750 K-annealed surface.

Quantitative analysis of the product dis-
tribution revealed further similarities and
differences between the two surfaces. The
conversion of acetaldehyde was similar in
both cases, 70% on the 750 K-annealed sur-
face versus 61% on the 950 K surface, but
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F1G. 2. Product desorption (uncorrected for mass
spectrometer sensitivity) after acetaldehyde adsorption
at room temperature on the {114}-faceted TiO»(001) sin-
gle crystal (the 950 K-annealed surface).

the selectivity to the aldol condensation
products on the 950 K surface was nearly
double that on the 750 K-annealed surface
(see Table 2). The increase in aldol conden-
sation selectivity came at the expense of
acetaldehyde hydrogenation; ethanol, the
dominant product on the 750 K surface, was

TABLE 2

Product Distribution for Acetaldehyde TPD on the
{114}-Faceted Surface

Product Fractional Peak
yield temperature (K)
Acetaldehyde 0.39(0.10)¢ 400
Ethanol Traces 400
Butene 0.02 (0.005) ca. 550
Crotonaldehyde  0.20 (0.05) 400
Crotyl alcohol 0.39 (0.1 400

Total C(1s) XPS 0.38 ¢V/ms” Room temperature

“ Fractional yield normalized to total C(1s) area (i.e..
multiplied by the ratio the of C(1s) area observed on this
surface to that observed on the {011}-faceted surface
(Table 1)).

# Peak area of the C(1s) spectrum after acetaldehyde
adsorption at room temperature.
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FiG. 3. C(ls) spectrum following acetaldehyde ad-
sorption at 170 K on the surface of (A) the 750 K-
annealed surface of the TiOx001) single crystal and (B)
the ZnO(0001) single crystal (from Ref. (44)).

essentially undetectable in acetaldehyde
TPD from the 950 K-annealed surface. The
origins of this selectivity shift are consid-
ered below. However, it should be noted
that although the selectivity to aldol conden-
sation products on the 950 K-annealed sur-
face was twice that on the 750 K-annealed
surface, the absolute yield of these products
was actually about half that on the 750 K-
annealed surface, as the total carbon cover-
age (determined from XPS experiments, dis-
cussed below) was reduced by a factor of 4
from the 850 K- to the 950 K-annealed sur-
face. Regardless of whether one chooses to
emphasize the selectivity increase or the
yield decrease, the x2 variation of aldol
products is clearly much less than the order
of magnitude difference in carboxylate keto-
nization activity between these two sur-
faces, and one may again conclude that al-
dolization is relatively structure-insensitive.

XPS Results

The results of surface spectroscopies pro-
vide further insights into the identity of the
adsorbed intermediates that give rise to the
complicated product slate noted above. Fig-
ure 3A presents the C(1s) spectrum obtained
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after acetaldehyde adsorption at 170 K on
the surface of the {011}-faceted TiO,(001)
single crystal. All spectra on titania were
referenced to the Ti(2p.;») peak for Ti** at
459.3 eV, Ti** was the only oxidation state
of titanium cations present at this surface (2,
27). Two overlapping C(1s) peaks of nearly
equal intensity were observed at 288.5 and
285.8 eV following acetaldehyde adsorp-
tion; these peaks can be assigned to the car-
bonyl carbon and methyl carbon of ad-
sorbed acetaldehyde species. respectively.
The separation of these peaks, 2.7 eV, is in
good agreement with that for gaseous alde-
hydes (43) and the FWHM of each peak is
2.0 eV, close to the value expected for a
single surface species. For comparison, the
C(1s) spectrum of acetaldchyde at 170 K on
the ZnO(0001) surface, obtained with the
same spectrometer, is presented in Fig. 3B
(this spectrum is taken from Ref. (44)). Two
peaks centered at 285.8 and 289.2 ¢V were
observed. While the lower binding-energy
peak is in the same position as that observed
on the TiO,(001) surface and attributed to
the CH; group (Fig. 3A), the higher binding-
energy peak (at 289.2) is in the region typical
of carboxylates (2). Indeed, this result
agrees well with the difference in reactivity
of the two oxide single crystals: while form-
aldehyde and acetaldehyde were completely
oxidized on the ZnO(0001) surface to for-
mates (28) and acetates (/0), only a small
portion of these aldehydes produced car-
boxylates on any of the TiO-(001) surfaces
examined (27).

Figure 4 presents the C(ls) spectra ob-
tained after acetaldehyde adsorption on the
TiO-(001)—{011}-faceted surface at 260 K
and as a function of annealing temperature.
Two principal differences are apparent be-
tween the spectrum obtained after adsorp-
tion at 260 K (Fig. 4a) and that obtained at
170 K (Fig. 3A). The *‘carbonyl’” peak at ca.
288.5 eV decreased significantly in intensity
relative to the ““alkyl’’ peak at ca. 286 eV in
the 260 K spectrum. Moreover, the latter
peak in the 260 K spectrum is considerably
broader (>3 eV) than peaks obtained for
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F1G. 4. C(ls)spectrum of acetaldehyde on the surface
of the {01t}-faceted TiO-(001) single crystal as a func-
tion of reaction temperature. (a) 260 K. (b) surface in
(1) heated to 310 K., (¢) surface in (b) heated to 450 K.
(dy surface in (¢) heated to 600 K. Contributions to
the spectrum in () from adsorbed acetaldehyde and
ethoxide species, and the sum of these, are noted by
the continuous curves.

adlayers containing a single type of organic
species (<2 eV) (2, 27, 45). Thus in addition
to unreacted acetaldehyde, the adsorbed
layer must contain at least onc other species
which makes a large contribution to the
C(ls) signal in the 285-287 eV range. This
is precisely the contribution expected from
adsorbed ethoxide species; we have pre-
viously shown that the ethoxide adlayer pro-
duced by ethanol dissociation on this sur-
face is characterized by a broad peak, ca. 3
eV wide, centered at 285.9 eV (45). This
ethoxide peak can be curve-fit with two
overlapping peaks of nearly equal intensity,
at 286.5eV (-CH,0O-) and 285.3 eV (CH;-).
Although the adlayer at 260 K is clearly
dominated by acetaldehyde and ethoxide
species, the breadth of the peak envelope in
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Fig. 4a suggests that other species are also
present. For example, if the entire intensity
at 288.5 eV were assigned to the carbonyl
group of acetaldehyde, there should be little
intensity at 290 eV and above, as in Fig.
3A. That this is not the casc suggests the
presence of small amounts of a species with
C(1s) binding encrgy higher than that of the
acyl carbon of the aldehyde. The functional
group that fits this description is the car-
boxyl group; surface acetates on TiQO, give
rise to a C(ls) peak at 289.5 eV (2). It is
clear, however, that this group is a minor
contributor to the C(1s) spectrum in Fig. 4a
and therefore that the extent of the Canniz-
zaro reaction to form equal amounts of ace-
tate and cthoxide species must be quite
small. Thus the principal route to formation
of ethoxides from acetaldehyde must be di-
rect reduction rather than Cannizzaro-type
disproportionation.

A similar inspection of the low-binding-
enecrgy side of the peak envelope suggests
that small amounts of adsorbed carbon may
also be present and contribute to the C(ly)
intensity in this region of the spectrum (at
ca. 284.1 ¢V). Complete decomposition of a
small fraction of the adsorbed acetaldehyde
would be expected to deposit atomic carbon
and to provide the hydrogen consumed by
ethoxide formation. The one surface species
that can be ruled out, in spite of the broad
C(ls) envelope in Fig. 4a, is the enolate
(CH,-CH-0). The C(1s) binding energy for
the terminal CH, group in CH,C(CH,)O Ii-
gands on ZnO is 283.7 eV (/3). A peak at
this binding energy with a typical FWHM of
2 eV is not compatible with the position of
the leading edge of the C(1s) envelope (with
negligible intensity below 283 eV) in Fig. 4a.

Heating the crystal to 310 K, Fig. 4b, re-
sulted in a decrease of the surface popula-
tion of carbon-containing species in general,
with no significant differences in peak posi-
tions. By 450 K (Fig. 4¢) the majority of
species had desorbed (a small increase in
carbon deposition was also observed); only
traces of alkoxides at ca. 286.0 eV were still
present. These results support those ob-
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TABLE 3

Product Distribution for Acetaldehyde TPD on the
Titania (Anatase) Powder

Product Fractional Peak
yield temperature (K)
Acetaldehyde 0.20 380
Butadiene (m/e 54:3.8)" 0.05 500600
Crotonaldehyde 0.68 430
Crotyl alcohol 0.07 450-460

“ Mass spectrometer correction factor.

tained from TPD experiments which
showed that ca. 80% of the carbon-con-
taining products desorbed below 450 K (Ta-
ble 1). At 600 K (Fig. 4d) 6% of the original
C(1s) signal remained at the position (284.1
eV) for atomic carbon, indicating that essen-
tially all molecular products had desorbed
from the surface.

Adsorption of acetaldehyde at room tem-
perature on the {l114}-faceted surface, Fig.
Sa, gave rise to a C(1s) envelope similar in
shape to that obtained from the {011}-fac-
eted surface: both spectra exhibit maximum
intensity at ca. 285-286 eV, with extended
“‘tails”” or “‘shoulders’’ at higher binding en-
ergies. Careful inspection of the 310 K spec-
tra in Figs. 4 and 5 reveals an important
difference between the two: the C(1s) spec-
trum peaks at 285.8 eV on the {011}-faceted
surface, but at 284.7 eV on the {114}-faceted
surface. Even with the noise level in these
spectra, this 1-eV shift in peak position is
unambiguous and suggests that the acetalde-
hyde-derived adlayer at 310 K is signifi-
cantly different on the two surfaces. The
position of the principal C(1s) peak on the
{114}-faceted surface, 284.7 eV, is well be-
low even the lowest binding-energy peak,
285.3 eV, in the ethoxide envelope, and thus
indicates that the population of ethoxides
on the {114}-faceted surface is substantially
lower than on the {011}-faceted surface.
This is entirely consistent with the TPD re-
sults; ethanol is the dominant product in
acetaldehyde TPD on the 750 K-annealed
surface, but is barely detectable from the
950 K-annealed surface.
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The 284.7-eV peak in Fig. 5a must there-
fore be associated with the principal reac-
tion products (or surface intermediates from
which they are formed), i.e., those of aldol
condensation, on the {114}-faceted surface.
Candidate species include the intermediate
C, enolate (CH,CHO) and C, interme-
diates and products such as crotonal-
dehyde (CH;CHCHCHO) and crotoxide
(CH,CHCHCH,0) species. As noted
above, the enolate would be expected to
giverise to C(1s) features at binding energies
lower than those of alkyl or alkoxide li-
gands. The sp? carbons of the C, species
would also be expected to exhibit C(ls)
binding energies lower than those of sp* car-
bons in the alkyl groups of adsorbed acetal-
dehyde or ethoxide ligands (46). Thus the
C(1s) spectrum of Fig. 5a is quite consistent
with the high selectivity to aldol products
observed in TPD experiments, but is clearly
inadequate for distinguishing between the
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various surface intermediates along this re-
action path. Indeed the spectrum likely con-
tains contributions from several such inter-
mediates. Heating the surface to 450 K., Fig.
5b. decreased the intensity of the C(1s) spec-
trum as expected. Further heating to 600 K
clearly removed the majonty of the surface
species; only two small peaks remained at
285.2 and 284 ¢V, attributed to C(1s) signals
of traces of butene (butene has a desorption
peak at 500-650 K, Fig. 4) and of surface
carbon, respectively.

Two important observations emerge from
comparison of Figs. 4 and 5 as well as from
the comparison between XPS and TPD re-
sults.

1. Asclearly demonstrated in Figs. 4 and
5. the C(1s) signal corresponding to alkoxide
formation (C—O at 286.2 ¢V) on the 950 K-
annealed surface was considerably smaller
than that on the 750 K-annealed surface
(Fig. 5a compared to Fig. 4b). These results
agree well with TPD resuits for acetalde-
hyde, showing that ethanol was a major
product on the 750 K-annealed surface but
that only traces of ethanol were formed on
the 950 K-annealed surface.

2. In all cases carboxylate formation
(-=COO at ca. 289.5 eV) was very small,
indicating that the TiO,(001) single crystal
is inactive for aldehyde oxidation in vac-
uum. In contrast, as indicated by TPD, it is
very active for aldolization.

Temperature-Programmed Desorption
after Acetaldehyde Adsorption on
Titania (Anatase) Powder

Figure 6 presents the product distribution
after acetaldehyde adsorption at room tem-
perature on TiO, powder (anatase, pre-
treated in He at 800 K for 2 h}. Three product
channels were observed. The first at 380 K
consisted mainly of acetaldehyde and the
second, at 430 K, of crotonaldehyde and
crotyl alcohol as well as acetaldehyde. At
ca. 550 K a small, broad peak, likely includ-
ing two different desorption processes at ca.
500 and 600 K was observed. The fragmen-
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FiG. 6. Product desorption (uncorrected for mass
spectrometer sensitivity) after acetaldehyde adsorption
at room temperature on TiO, powder (anatase).

tation pattern of this minor product ap-
peared to be that of butadiene rather than
that of butene observed on TiO,(001) single-
crystal surfaces (Figs. 1 and 2). Crotonalde-
hyde, the product formed by aldol conden-
sation and dehydration of acetaldehyde,
was produced with selectivity of 68%% (Table
3), more than three times higher than was
observed on either of the single-crystal sur-
face structures. Ethanol production was al-
most negligible on the powder. In general
these results are closer to the 950 K-an-
nealed surface than to the 750 K-annealed
surface (more aldolization and only traces
of ethanol). This apparent analogy between
the 950 K-annealed surface and titania pow-
der has a precedent; acetone was formed by
carboxylate coupling on the 950 K-annealed
surface ({1 14}-faceted) surface and on titania
powder, but not on the 750 K-annealed sur-
face ({011}-faceted) surface of the TiO,(001)
single crystal (2). Thus the broader distribu-
tion of coordination environments on the
{114}-faceted surface provides a better
model for surfaces of polycrystalline mate-
rials.

Table 4 presents the selectivity to C, alde-
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TABLE 4
Product Selectivity during Acetaldehyde TPD from
TiO.001) Single-Crystal Surfaces ({011}-Faceted and
{1 14}-Faceted) and TiQ, Powder

Product {01 1}-faceted {1 14}-faccted Powder
Crotonaldehyde 0.19 0.20 0.68
Crotyl alcohol 0.14 0.39 0.07
2CH01NECHD) 0.5 1.5 375

hydes and C, alcohols and the ratio of C,
oxygenates/C, oxygenates (denoted as
C,(0)/C5(0)) on the surfaces of the TiO,
single crystal and powder. Crotyl alcohol
was formed with relatively high yield on the
surface of the single crystal, particularly on
the 950 K-annealed surface. Titania powder
was the most active and selective for aldol-
ization to crotonaldehyde; the ratio C,(O)/
C,(0) was 3.75 for titania powder, more than
twice that of the 950 K-annealed surface and
cda. seven times higher than that of the 750
K-annealed surface.

DISCUSSION
The reactions of acetaldehyde on the sur-
faces of the titania single ¢crystal and powder
can be summarized as follows.
[. Aldolization

CH,CHO + O() ~——
—CH,CHO(a) + OH(a)

—CH,CHO(a) + CH,CHO(a) ——
CH.CHO
CH,—C—H

|
O(a)

CH,CHO
CH,—C—H + OH(a) ——
(|)(a)
CH,CH=CHCHO + H,O + O()

The abstraction of a proton in the « posi-
tion of the aldehyde by lattice oxygen O(l)
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would result in the formation of a surface
hydroxyl OH(a) and a —-CH,CHO(a) spe-
cies. ~CH,CHO(a), a nucleophilic species,
can react with the clectrophilic carbonyl
group of second adsorbed acetaldehyde
molecule to give adsorbed aldol. The reac-
tion of the aldol with surface hydroxyls to
produce net dehydration gives crotonalde-
hyde (CH;CH=CHCHO) and water and
restores the lattice oxygen consumed in
the first step. Although the selectivity to
this «.8 unsaturated C, aldehyde was dit-
ferent on the three surfaces investigated.
it is important to note that significant ¢x-
tents of aldolization were observed on all
surfaces.

2. Reduction of Aldehvdes to Alcohols

Reduction of acetaldehyde to ethanol

CH;CHO(a) + H(a)

CH,CH,O(a) + OH(a) —
CH,CH.OH + O(l)

CH,CH,O(a)

A small fraction of the acetaldehyde was
totally decomposed to surface carbon, ad-
sorbed hydrogen, and surface oxygen. Ad-
sorbed hydrogen could serve to reduce part
of the adsorbed acetaldehyde that did not
participate in the aldolization reaction, giv-
ing ethoxide species (CH,CH,O(a)). Ethox-
ides were protonated by surface hydroxyls
to yield ethanol, leaving lattice oxygen. If
one represents surface ethoxides in the
usual fashion as anionic ligands bond to sur-
face cations, ethoxide formation from acet-
aldehyde would formally represent hydride
addition and ethoxide conversion to ethanol
would require proton addition. The surface
sites from which hydrnidic and protonic hy-
drogens are supplied are taken to be surface
metal cations and surface oxygen anions,
respectively. Direct evidence for multiple
forms of hydrogen on single-crystal oxide
surfaces is generally lacking owing to the
limited application to date of vibrational
spectroscopies capable of distinguishing be-
tween these forms.
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Reduction of crotonaldehyde to crotyl al-
cohol

CH,CH==CHCHO(a) + H(a) ——
CH,CH=CHCH,O(a)

CH,CH==CHCH,O(a) + OH(a) ——>
CH,CH==CHCH,OH + O())

Crotonaldehyde reduction to crotyl alco-
hol occurs in the same fashion as acetalde-
hyde reduction to ethanol. Crotyl alcohol
was observed on all three surfaces. 1t should
also be noted that on the two single-crystal
surfaces the overall selectivities for alde-
hyde hydrogenation varied much less than
those for individual products: the {01 1}-fac-
eted surface produced ethanol, but the
{114}-faceted surface favored crotonalde-
hyde hydrogenation to crotyl alcohol at the
expense of ethanol formation.

3. Reductive Coupling

2CH,CHO(a) —>
CH,CH=CHCH, + 20(1)

Traces of butene from both surfaces of
the single crystal and traces of butadiene
from the powder were observed during acet-
aldehyde TPD. It was previously demon-
strated that carbony! coupling occurs on de-
fect-containing TiO, surfaces (24); in
particular, butene was observed with high
selectivity on the sputtered surface of a
TiO~(001) single crystal (24, 47) and its yield
decreased as the annealing temperature was
increased (i.e., as the oxidation of titanium
suboxides to Ti** by oxygen migration from
the bulk to the surface progressed). Thus,
olefin formation can be ascribed to acetalde-
hyde coupling on a small number of defect
sites on the TiQ, surfaces. It may be feasible
to utilize the yield of C, olefins in acetalde-
hyde TPD as a diagnostic tool to estimate
quantitatively the defect sites on a nomi-
nally “*stoichiometric™’ or “‘fully oxidized™
surface. According to TPD results these
sites were responsible for the formation of
C, olefins representing I, 2, and 5% of the
total acetaldehyde adsorbed on the 750 K-
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annealed TiO,(001) surface, the 950 K-
annealed TiO(001) surface, and the TiO,
powder, respectively.

4. Cannizzaro Reaction

CH,CHO(®@) + O(l) ——
CH,CHOO(a)

CH,CHOO(2) + CH,CHO(2) —
CH,COO(a) + CH,CH,O(a)

The Cannizzaro reaction was at best a
minor pathway for acetaldehyde on the two
single-crystal surfaces. The carboxylate
C(1s) signals were quite small compared to
those corresponding to less oxidized ad-
sorbates, and TPD results did not show evi-
dence for significant carboxylate decompo-
sition (expected to yield CO, at ca. 600 K
(2)). TPD studies on the surface of titania
powder showed no evidence for surface ace-
tate decomposition products (CO,, meth-
ane, or acetone), in agreement with single-
crystal work.

A comparative summary of the reactivi-
ties of acetaldehyde (this work), formalde-
hyde (/8, 27), and higher linear aldehydes
{(30) on the surfaces of titania powder and
single crystals can be stated as follows.

1. It was previously rcported that the
steady-state aldolization of C; and C, alde-
hydes to «.B-unsaturated C, and Cy alde-
hydes, respectively, occurs with high yield
(80% conversion and ca. 90% selectivity) on
titania (anatase) at 400-500 K (30). Our TPD
results indicated that 80% of adsorbed acet-
aldehyde on titania powder (anatase) re-
acted to give crotonaldehyde (68% yield),
crotyl alcohol (7% yield), and butadiene (5%
yield). The selectivities to crotonaldehyde,
crotyl alcohol, and butadiene are thus 85,
8.8, and 6.3%, respectively. These results
are very close to those obtained during
steady-state reactions (30), especially if one
considers that the TPD experiment covers
a wide range of temperatures and surface
coverages.

2. The Cannizzaro reaction was a minor
path compared to aldolization in reactions
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of acetaldehyde on the (001) surfaces; this
reaction was the main route for formalde-
hyde consumption on stoichiometric TiO,
surfaces. This distinction is entirely consis-
tent with the chemistry of these aldehydes
in basic solution.

3. The {114}-faceted surface was more se-
lective for aldolization than the {011}-fac-
eted surface (Table 4). Since the {114}-fac-
eted structure contains Ti** cations in a
wider range of coordination environments
than the {011}-faceted structure, it appears
that the aldolization reaction, while not
strongly structure-sensitive, is favored by
surface heterogeneity.

Quantitative activity comparisons be-
tween single crystals and powders cannot
be made from TPD experiments owing to
the contributions made by readsorption and
possible further reaction of both reactants
and products on high-surface-area samples.
The same limitation holds for comparison of
selectivities to intermediate products if the
reaction network is sequential, since selec-
tivity will be a function of conversion. How-
ever, for competing parallel reactions, e.g.,
acetaldehyde hydrogenation vs aldoliza-
tion, product selectivities should be less
sensitive to conversion levels and therefore
to the effects of readsorption in powder
studies. This comparison in the present case
serves to illustrate both the distinction be-
tween the reactivities of the {011}- and {114}-
faceted single-crystal surfaces, and the
strong analogy between the more heteroge-
neous of these, the {114}-faceted surface and
the polycrystalline powder.

Eighty percent of the acetaldehyde mole-
cules initially adsorbed reacted to other
products in the powder TPD experiments.
Conversion of acetaldehyde on the {011}-
faceted surface was 70%. Let us assume that
by readsorption events the conversion could
be increased to 80%, but that the selectivity
to ethanol vs aldol products will remain the
same for readsorbed acetaldehyde as for the
initially adsorbed reactant molecules. The
2C,(0)/2C,(0) ratios for the single-crystal
surface appearing in Table 4 can then be
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extrapolated to higher conversions. For
80% conversion at constant selectivity from
the {01 1}-faceted surface, the value of this
ratio would be 0.65. The same analysis ap-
plied to extend results from the {l14}-fac-
eted surface from 61 to 809 conversion
leads to a projected 2C,(0)/ZC,(0) ratio for
this surface of 4. The measured value on the
polycrystalline powder was 3.75, in excel-
lent agreement with the behavior of the
{114}-faceted surface, extended to compara-
ble conversions. The ratio for the {011} sur-
face was substantially different, and more-
over, the 2C,0)/2C40) ratio for this
surface cannot exceed unity even if acetal-
dehyde is readsorbed and recycled to ex-
tinction.

The mechanism by which surface hetero-
geneity promotes aldol condensation on the
single-crystal surfaces is unclear. As noted
above, this bimolecular reaction does not
require fourfold coordinated surface cat-
ions; unlike the bimolecular ketonization of
carboxylates, aldolization occurs on the
{0t 1}-faceted (001) surface of TiO,. The
analogy with base-catalyzed aldol conden-
sation in solution also supports the absence
of a requirement for a specific surface coor-
dination environment. Since OH ™ in solu-
tion is sufficient to catalyze aldol condensa-
tion, one would not expect this reaction on
a surface to require sites other than the
acid-base site pairs needed for heterolytic
dissociation.

The increase in aldolization selectivity
with increasing surface heterogeneity may
simply reflect the influence of the surface on
hydrogenation activity. Again the details are
unclear. However, we note that since both
the aldol condensation and hydrogenation
reactions occur readily below ca. 400 K. an
increase of only 2 kcal/mol in the hydrogen
binding energy or the activation barrier for
hydrogenation would be sufficient to change
the ratio of aldolization/hydrogenation rates
by more than a factor of 10. Such a small
variation in the surface-adsorbate bond
strength is well within the range of energetic
nonuniformity required to explain non-
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Langmuirian isotherms for adsorption on
polycrystalline oxides (48, 49). Thus the ap-
parent dependence of aldolization selectiv-
ity on surface nonuniformity likely reflects
the influence of nonuniformity on the com-
peting hydrogenation reaction, rather than
an intrinsic surface structural requirement
of the aldol condensation itself.

CONCLUSIONS

TiO,(001) single-crystal surfaces (in
UHV) and TiO, powder (at | atm) were ac-
tive for aldolization of acetaldehyde. The
{114}-faceted surface was more selective
than the {011}-faccted surface for aldoliza-
tion. In no case was the simple aldol product
observed; crotonaldehyde and crotyl alco-
hol (the «,B-unsaturated products) were the
principal products. No C=C bond hydroge-
nation was observed; both titania single
crystal and powder samples hydrogenated
only the aldehyde function. The Canniz-
zaro-type disproportionation of acetalde-
hyde to ethoxides and acetates was found to
be a minor route compared to condensation.
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