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The reactions of acetaldehyde, propionaldehyde, and acrolein on the (0001)-Zn polar surface of
zinc oxide were investigated using temperature-programmed desorption and X-ray photoelectron
spectroscopy. Oxidation of these aldehydes on the (0001)-Zn surface proceeded via two competing
pathways: nucleophilic addition of lattice oxygen at the carbonyl carbon followed by hydride
elimination to form the corresponding surface carboxylate species, and nucleophilic attack of
lattice oxygen at the carbonyl carbon followed by alky! elimination to form surface formate species.
There was a strong temperature dependence of the selectivity toward these two competing
pathways; low temperatures favored alkyl elimination, while high temperatures favored hydride
elimination. The decomposition of the higher carboxylates resulted in the formation of both
unsaturated carbonyl compounds and carbon oxides. The possible implications of these results for

allylic oxidation reactions on metal oxide catalysts are discussed.

INTRODUCTION

The selective oxidation and ammoxi-
dation of olefins over metal oxide or mixed
metal oxide catalysts is practiced industri-
ally for the production of aldehydes, ni-
triles, and carboxylic acids. Because of
their industrial importance, the mecha-
nisms of these allylic oxidations have been
the subject of numerous investigations
(1-6). In the case of propylene oxidation to
acrolein, it is generally accepted that oxida-
tion proceeds via the initial abstraction of a
hydrogen « to the carbon-carbon double
bond to form an allylic surface intermediate
(1-2). This allylic intermediate reacts with
lattice oxygen to form either alkoxide or
carboxylate surface species. Decom-
position of these oxygenated surface spe-
cies ultimately leads to the formation of
acrolein or acrylic acid. The ammoxidation
reaction proceeds via a similar mechanism
in which the allylic intermediate undergoes
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nitrogen insertion followed by hydrogen
shift reactions to form acrylonitrile (1, 2, 5).
Although the mechanisms of the selec-
tive oxidation and ammoxidation reactions
are relatively well understood, the unselec-
tive oxidation pathways which proceed ei-
ther in parallel or in series with the selec-
tive pathways have received surprisingly
little attention. Even on highly selective
catalysts such as bismuth molybdates, car-
bon oxides and small amounts of formalde-
hyde, acetaldehyde, propionaldehyde, and
acetone are produced by undesirable side
reactions (4, 7). For propylene ammoxi-
dation, HCN and CH;CN also appear as
unwanted products along with the complete
oxidation products, CO and CO, (8).
Davydov et al. (9) have used IR spectros-
copy to identify the surface species formed
during propylene oxidation to acrolein on
several metal oxides, including supported
molybdena, gallium molybdate, and copper
and chromium oxides. These authors found
that in addition to w-allyl and o-allyl surface
complexes, acetate, formate, and carbon-
atc surface species were formed. The
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mechanisms leading to the formation of
these surface species were not determined,
but the authors postulated that the surface
allyl species and the surface carboxylate
species were produced by parallel reaction
pathways. Decomposition of the surface
carboxylate and carbonate intermediates
was thought to lead to the formation of both
complete oxidation products and saturated
aldehydes. These results suggest that unde-
sirable products can be formed via two
general reaction pathways: the first, which
can account for the complete oxidation
products, is the overoxidation of the de-
sired products to form carbon oxides; the
second involves the parallel unselective ac-
tivation of the olefin which leads to the
formation of both carbon oxides and satu-
rated aldehydes. It is also possible that
unselective side reactions of the surface
intermediates which are formed along the
selective oxidation pathway may lead to
undesirable products. The factors which
control these unselective reaction path-
ways are not well understood.

Grasselli and co-workers have mapped
out the network of reactions leading to
selective oxidation of propylene with bis-
muth-molybdate catalysts by entering the
network at different points via the judicious
choice of model reactants (I, 2, 6). The
application of this strategy to elucidate the
mechanisms of potential side reactions re-
quires an unselective oxide as well, since
the best catalysts yield few of the undesired
products. Like the bismuth—-molybdate sys-
tem, zinc oxide forms allylic intermediates
via dissociative adsorption of propylene
(10-12) and has been a common model
material in studies of the interaction of
allyls with oxides (//-13). However, the
subsequent reactions of surface allyls on
zinc oxide are essentially unselective (13).
We report here studies of aldehyde oxida-
tion on the Zn-polar face of zinc oxide.
These studies provide evidence for previ-
ously unrecognized reactions which may
limit the selectivity of oxide-catalyzed reac-
tions involving carbonyl compounds as re-
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actants, intermediates, or products. We
also report evidence for a second route to
acrolein via adsorbed propionate interme-
diates. While some caution is required in
generalizing these reactions to other ox-
ides, we note published evidence, both
direct and circumstantial, for analogous
chemistry on a range of materials which
includes molybdate-based catalysts.

EXPERIMENTAL

All experiments were conducted in a
conventional ultrahigh-vacuum chamber
which has been described previously in
detail (/4, 15). The chamber was equipped
with a cylindrical mirror analyzer and elec-
tron and X-ray sources for performing AES
and XPS. The chamber was also equipped
with a quadrupole mass spectrometer for
collection of TPD spectra. The mass spec-
trometer was multiplexed with an IBM per-
sonal computer. The computer was also
used to control the heating rate during TPD
experiments.

The zinc oxide single crystal used in this
investigation was obtained from Litton Air-
tron and was aligned normal to the C-axis
using the Laue method. The crystal mount-
ing and cleaning procedures were identical
to those used previously (14, 15).

All XPS spectra were collected using
AlKa X-rays (1486.6 ¢V). Small band-bend-
ing shifts (less than 0.4 eV) were observed
following adsorption of the aldehydes on
the (0001)-Zn surface. In order to account
for these band-bending shifts all XPS spec-
tra were referenced as in previous studies
(14-17) to the Zn(2ps3») peak at 1021.7 eV
on the clean surface.

Acetaldehyde (Aldrich, 99%), propional-
dehyde (Alfa, 99%), acrolein (Aldrich,
97%), and propionic acid (Aldrich, 99%),
were purified by repeated freeze—pump-
thaw cycles prior to use. They were ad-
mitted into the vacuum chamber through
dosing needles pointed toward the front
face of the crystal. Saturation coverages
were used in all experiments. With an en-
hancement of the flux to the crystal by a
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Fic. 1. Temperature-programmed desorption spec-
tra following CHCHO adsorption on ZnO{0001): up-
per half, T4 = 300 K; lower half, T,;, = 180 K.

factor of 25 from the dosing needle, a
50-Langmuir dose was found to be suffi-
cient to saturate the surface with the or-
ganic reactants used in this study.

RESULTS

TPD spectra following adsorption of
acetaldehyde on the (0001)-Zn polar surface
at 300 K are displayed in Fig. 1. The
relative product yields are listed in Table 1.
The major decomposition products were
H,C,0 (ketene) and H;O which desorbed at
590 K, CO, which exhibited peaks at 640
and 710 K, and CO and Zn which also
desorbed at 710 K.

The TPD spectra displayed in Fig. 1 were
similar to those observed previously for the
decomposition of acetic acid on the (0001)-
Zn surface (/7). This similarity suggests
that the same surface species were formed
from both reactants. XPS and UPS results
have clearly demonstrated that surface
acetate species are formed from acetic acid
on the Zn-polar surface (/7). Surface
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acetate species could also be formed from
acetaldehyde via nucleophilic attack of lat-
tice oxygen at the carbonyl carbon and
subsequent hydride elimination. Analogous
nucelophilic reactions have been observed
previously for both formaldehyde (/4) and
methyl formate (/6) on the (0001)-Zn sur-
face; for these molecules nucleophilic at-
tack by lattice oxygen resulted in the for-
mation of surface formate species.

TPD spectra obtained following the ad-
sorption of propionaldehyde on the (0001)-
Zn surface at 300 K are displayed in Fig. 2.
The relative product yields are listed in
Table 2. For comparison, TPD spectra from
the CH3CH,COOH-dosed (0001)-Zn sur-
face (I7) are displayed in Fig. 3. The TPD
spectra for the CH;CH,CHO- and
CH;CH,COOH-dosed surfaces were simi-
lar, again suggesting that CH;CH,CHO,
like CH;CH,COOH, decomposed via sur-
face propionate species on the (6001)-Zn
surface. The principal difference between
the two sets of spectra was the absence of
acrolein as a decomposition product from
CH;CH,CHO. Acrolein was not observed
from the (0001)-Zn surface for CH;CH,

- CHO adsorption temperatures between 180

TABLE 1

Desorption Products from the CH;CHO-Dosed
(0001)-Zn Surface

Product Peak Relative
temperature yield”
(K)
T.s = 300 K H,C,0 590 0.17
H,0 590 0.45
CO, 640 0.46
CO, 710 1.00
CO 716 0.82
Zn 710 0.56
Tas = 180 K H,0 560 2.49
CcO, 560 0.73
cO 560 0.54
H,C,0 600 0.21
CO, 680 2.06
CcO 680 1.80
Zn 680 0.85

¢ Corrected for mass spectrometer sensitivities.



500

CH3CH,CHO/(0001)-Zn Taas = 300K

HO
COZXK)

COxIO

1 1 1 L i 1 1 L
Teas = 180K

/\/\Hzo
Q10
/Qx 0

CHﬁHZGﬂO 1 i 1 1

L1
100 200 300 400 500 600 700 800 200 1000
TEMPERATURE (K)

i

DESORPTION RATE

Fi1G. 2. Temperature-programmed desorption spec-
tra following CH;CH,CHO adsorption on ZnO(0001):
upper half, T.4. = 300 K; lower half T4 180 K.

and 330 K, in contrast, acrolein, which
desorbed at 620 K, was a major decom-
position product for propionic acid. Fol-
lowing propionaldehyde adsorption at 300
K, the major decomposition products were
H,0, which desorbed in a low-temperature
peak centered at 405 K, CO and Zn which
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TABLE 2

Desorption Products from the CH;CH,CHO-Dosed
(0001)-Zn Surface

Product Peak Relative
temperature yield”
(K)
Tas = 300 K CO, 685 0.38
cO, 815 1.00
CcOo 815 0.70
Zn 815 1.07
Tas = 180 K CO, 560 0.95
CO 560 0.34
H,O 560 1.92
Co, 740 0.14
cO 740 0.13

4 Corrected for mass spectrometer sensitivities.

desorbed at 815 K, and CO, which de-
sorbed at both 685 and 815 K.

Variations in the aldehyde adsorption
temperature resulted in significant changes
in both the relative yields and the peak
temperatures for the products from both
CH,CHO and CH;CH,CHO. Reduction of
the dosing temperature resulted in a de-
crease in the intensity of the high-tempera-
ture CO, CO,, and Zn peaks for both reac-
tants. For dosing temperatures below ca.
240 K, a new set of carbon oxide peaks
centered between 500 and 600 K was ob-
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Fi6. 3. Temperature-programmed desorption spectra following CH;CH,COOH adsorption on

Zn0O(0001) at 300 K.
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served in addition to the high-temperature
carbon oxide products.

TPD spectra following adsorption of
CH;CHO on the (0001)-Zn surface at 180 K
are displayed in Fig. 1. The relative yields
of the major decomposition products are
listed in Table 1. The high-temperature
carbon oxide peaks were at slightly lower
temperatures than those observed for T
= 300 K, and only a single CO, peak was
observed above 600 K. The high-tempera-
ture CO and CO, peaks were very broad,
suggesting that they were composed of sev-
eral overlapping peaks. A small H,C,0
peak was evident at 600 K, in the same
position as that following adsorption at
higher temperatures. In addition to these
products, CO, CO;, and H,O peaks centered
at 560 K were observed. As noted above,
these low-temperature oxidation products
appeared only for adsorption temperatures
less than 240 K.

The changes in the TPD spectra for the
CH;CH,CHO-dosed (0001)-Zn surface with
decreasing adsorption temperature were
more dramatic than those for the CH;CHO-
dosed surface. TPD spectra obtained fol-
lowing CH,CH,CHO adsorption at 180 K
are displayed in Fig. 2, and the relative
product yields are listed in Table 2. In
contrast to the results obtained for T,y =
300 K, only small amounts of carbon oxide
products were detected above 600 K. The
major decomposition products were CO,
CO; and H>O which desorbed at 560 K, i.e.,
the same temperature as the low-tempera-
ture carbon oxide products from CH;CHO.

The decomposition of acrolein on the
(0001)-Zn surface displayed trends analo-
gous to those for acetaldehyde and pro-
pionaldehyde. Following adsorption at 300
K the primary decomposition products,
CO, CO,, H,0, and H,, desorbed at 760 K,
while following adsorption at 155 K, small
CO and CO; peaks were also evident at 560
K. The CO and CO, desorption spectra for
the acrolein-dosed surface for these two
adsorption temperatures are displayed in
Fig. 4. The overall yield of lower-tempera-

501

CH,=CHCHO/(000N-Zn _ T,4= 300K

DESORPTION RATE
§—|
%)
3]
=<

_/\/“/k >
cp

1 1 ] !
400 500 600 700 800 900 1000

TEMPERATURE (K)

F1G. 4. Temperature-programmed desorption spec-
tra for CO and CO, following CH, = CHCHO ad-
sorption on ZnO(0001): upper half, T4, = 300 K; lower
half T4, = 155 K.

ture carbon oxides from acrolein was sub-
stantially less than that observed for the
other aldehydes. The observation of carbon
oxides at ca. 560 K common to the reaction
of all three aldehydes suggests that these
products are characteristic of the reaction
of aldehydes on the (0001)-Zn surface at
low temperatures.

The low-temperature CO, CO,, and H,O
peaks produced from these higher al-
dehydes for adsorption temperatures below
240 K were quite similar to those for the
decomposition of formate species on the
Zn-polar surface of ZnO (14, 16-20). For
example, surface formates produced from
formic acid were shown to decompose at
575 K to produce primarily CO, CO;, Hs,
and H,O. This similarity of the decom-
position behavior suggests that surface for-
mate species are also produced by reaction
of the aldehydes at low temperature on the
(0001)-Zn surface. The production of for-
mate species via oxidation of higher al-
dehydes is a surprising result and would
appear to indicate that the initial nucleo-
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Fig. 5. C(ls) XPS spectra of the CH,CH,CHO-
dosed (0001)-Zn surface as a function of sample tem-
perature. (a) CH;CH,CHO-dosed (0001)-Zn surface at
170 K. (b} Sample in (a) heated to 300 K. (c) Sample in
(b) heated to 450 K. (d) Sample in (c) heated to 600 K.

philic attack of lattice oxygen at the
carbonyl carbon of the aldehydes is
accompanied by carbon-carbon bond
cleavage and elimination of the alkyl group.
Unfortunately, since only carbon oxide
products of this reaction were observed to
desorb, the identification of the various
surface intermediates based on the TPD
results alone is somewhat hazardous.
Therefore, in an effort to further character-
ize the surface species produced via reac-
tion of the aldehydes on the (0001)-Zn sur-
face, C(1s) photoelectron spectra of the
adsorbed species were obtained.

C(1s) spectra of the CH;CH,CHO-dosed
(0001)-Zn surface following adsorption at
170 K are displayed in Fig. 5. At 170 K the
spectrum (curve a, Fig. 5) consisted of two
overlapping peaks centered at 285.4 and
289.0 eV. These peaks were in positions
similar to those of surface propionate spe-
cies formed from propionic acid on this
surface (/7). By analogy with these results,
the two peaks observed at 285.4 and 289.0
eV following CH;CH,CHO adsorption at
170 K can be assigned the alkyl group
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carbon and to a carbon bound to two oxy-
gens, respectively. The 3.6-eV separation
of these two peaks is approximately 1 eV
greater than that typically observed be-
tween the carbonyl and the alkyl carbons in
gaseous aldehydes (21). This further sup-
ports the assignment of the high binding-
energy peak to a carbon bound to two
oxygens. Thus, these results demonstrate
the nucleophilic attack of lattice oxygen at
the carbonyl carbon of the aldehyde. This
results in the formation of a di-oxy al-
kylidene surface species; a subsequent
elimination reaction would iead to the for-
mation of surface carboxylate species.
Heating the CH;CH,CHO-dosed surface
to 300 K produced significant changes in
the C(1s) spectrum (curve b, Figure 5). At
300 K the spectrum consisted of two peaks
centered at 285.1 and 289.0 eV. The shift in
the position of the low binding-energy peak
relative to that at 170 K was most likely a
result of the loss of molecularly adsorbed
species from the surface. The valley be-
tween the two peaks extended nearly to the
baseline in the spectrum at 300 K, while at
170 K the valley was substantially above
the baseline. This observation is also con-
sistent with the loss of molecular species
from the surface, since the carbonyl carbon
of molecularly adsorbed propionaldehyde
would occur between the two major peaks
of the surface carboxylate or di-oxy spe-
cies. The carboxylate/alkyl C(1s) peak area
ratio observed at 300 K was 0.68. This ratio
is slightly greater than the maximum ratio
of 0.5 expected for surface propionate spe-
cies. The ratio for propionates produced
from propionic acid, 0.3, was even lower
due to screening of the surface-bound car-
boxylate carbon by the alkyl group (I7).
The higher-than-expected peak area ratio is
consistent with the TPD results and sug-
gests that other intermediates in addition to
surface propionate species were formed
following the adsorption of CH;CH,CHO
on the (0001)-Zn surface at 170 K. The TPD
results indicated the formation of both pro-
pionate and formate species. Formates ad-
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sorbed on the (0001)-Zn surface exhibit a
C(1s) binding energy of 289.1 eV (/4, 16),
nearly the same as that observed for the
carboxylate carbon of absorbed propio-
nates (17). The formation of both formates
and propionates from propionaldehyde
would tend to increase the area of the
higher binding-energy carboxylate carbon
peak relative to the lower binding-energy
alkyl carbon peak. This is exactly the trend
in the C(ls) spectra displayed in Fig. 5.
Thus, the XPS results support the conclu-
sion that both propionate and formate spe-
cies were formed by reaction of propional-
dehyde on the (0001)-Zn surface at low
temperature.

Heating the CH;CH,CHO-dosed surface
to 450 K caused significant broadening of
the low binding-energy peak, indicative of
the formation of a new carbon species at
higher temperatures. Curve resolution of
the spectra determined that this new sur-
face species gave rise to a peak centered at
284.0 eV. This peak position is close to that
at which peaks from adsorbed atomic car-
bon are commonly observed on this surface
(15, 17). Therefore, this new peak may be
due to the deposition of atomic carbon
during the reactions of aldehydes. Zinc
alkyls also exhibit low C(1s) binding ener-
gies (21). For example, diethylzinc ad-
sorbed on the (0001)-Zn surface exhibits
two C(1s) peaks centered at 283.4 and 284.6
eV (22). Thus, this peak may also be due to
the formation of surface zinc alkyl species.
Since alkyl elimination from adsorbed al-
dehydes or di-oxy alkylidene complexes
would deposit alkyl groups on the surface,
this explanation is also consistent with the
formation of formates from the aldehydes.
These surface alkyls would most likely be
coordinated to surface zinc cations.

Further heating of the surface to 600 K
resulted in a single peak centered at 284.0
eV. Again this peak is most likely due to
adsorbed atomic carbon, surface zinc alkyl
species, or a combination of the two. Heat-
ing to temperatures above 800 K was suffi-
cient to produce a carbon-free surface.
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Fig. 6. C(ls) XPS spectra of the CH;CH,CHO-
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C(1s) spectra of the CH;CH,CHO-dosed
surface following adsorption at 300 K (Fig.
6) were qualitatively similar to those ob-
tained for T,is = 170 K, except that the
ratios of the areas of the carboxylate peaks
to those of the alkyl peaks were signifi-
cantly less than those observed for the
lower adsorption temperatures. Spectra
were also obtained following CH;CH,CHO
adsorption at 240 K. The ratios of the
carboxylate/alkyl C(ls) peak areas as a
function of surface temperature for the
three CH;CH,CHO dosing temperatures
are displayed in Fig. 7. The data in Fig. 7
clearly demonstrate that an increase in the
adsorption temperature results in a de-
crease in the carboxylate/alkyl C(1s) peak
area ratio. The ratios obtained following
heating of the surface in each case to 450 K
are particularly interesting, since the TPD
results indicated that for this sample tem-
perature no molecularly adsorbed alde-
hydes were present on the surface. Thus,
the ratios at 450 K reflect the true ratio of
carboxylate to alkyl carbons contained in
surface intermediates. At lower tempera-
tures the presence of small amounts of
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FiG. 7. Carboxylate/alkyl C(1s) peak area ratio for
the CH;CH,CHO-dosed (0001)-Zn surface as a func-
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=240 K, and () T = 300 K.

molecularly adsorbed propionaldehyde
tends to decrease the observed ratio, since
the molecular species C(ls) binding ener-
gies overlap with those of the alkyl carbons
of surface carboxylate species. The carbox-
ylate/alkyl peak area ratio for experiments
in which the surface was dosed at 300 K
and then heated to 450 K was 0.32. This
ratio was substantially less than the ex-
pected ratio of 0.5 for surface propionate
species. Photoelectron spectra of surface
carboxylate species adsorbed on the (0001)-
Zn surface obtained recently (/7) have
demonstrated, however, that substantial
shielding of the surface-bound carboxylate
carbon by the alkyl carbons occurs, result-
ing in lower-than-expected peak areas ra-
tios. For example, surface acetates ad-
sorbed on the (0001)-Zn surface have a
carboxylate/alkyl C(1s) peak area ratio of
0.8, while for surface propionates this ratio
is 0.3. Thus, the ratio observed for the
CH;CH,CHO-dosed surface following ad-
sorption at 300 K and heating to 450 K was
almost identical to that reported previously
for surface propionate species. This result
is consistent with the TPD results and fur-
ther demonstrates that only surface propio-
nates were formed from propionaldehyde
following adsorption at temperatures
greater than 300 K.

Carboxylate/alkyl C(1s) peak area ratios
substantially greater than those observed
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for an adsorption temperature of 300 K
were observed following CH;CH,CHO ad-
sorption at both 170 and 240 K followed by
heating to 450 K. For T,4, = 170 K the ratio
was 1.15, while for T,y = 240 K the ratio
was 0.99. These values are more than three
times that for surface propionate species
alone and clearly demonstrate that interme-
diates in addition to propionates were pres-
ent on the surface following adsorption at
these temperatures. As described above,
this result is consistent with TPD results
and further demonstrates that both propio-
nate and formate species were produced
during the reaction of propionaldehyde on
the (0001)-Zn surface at temperatures be-
low 240 K.

XPS spectra of the CH;CHO-dosed sur-
face exhibited trends similar to those for
the CH;CH,CHO-dosed (0001)-Zn surface.
Following adsorption at 450 K the ratio of
the carboxylate carbon peak area to that of
the alkyl carbon peak was 0.75, while fol-
lowing adsorption at 170 K and heating to
450 K the peak area ratio was 0.92. This is
again consistent with the TPD results and
supports the formation of surface formate
species from acetaldehyde at low tempera-
tures.

DISCUSSION

The results obtained in this investigation
may have important implications for selec-
tive oxidation of hydrocarbons on metal
oxide catalysts. The alkyl elimination path-
way which led to the formation of surface
formate species during the reaction of al-
dehydes on the (0001)-Zn surface repre-
sents a low-temperature pathway that ulti-
mately results in the formation of both
complete oxidation products and undesired
selective oxidation products. Similar path-
ways in the case of propylene ammoxi-
dation may be able to account for the
low-temperature formation of HCN and
CH,CN.

The reaction network for the conversion
of propionaldehyde and propionic acid on
the (0001)-Zn surface is summarized in Fig.
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FiG. 8. Reaction pathways for the decomposition of CHCH,CHO and CH,CH,COOH on

ZnO(0001}.

8. As discussed previously (/7), CH;CH,
COOH adsorbed dissociatively on the
(0001)-Zn surface at temperatures between
180 and 450 K to form surface propionate
species (step 4 in Fig. 8). Adsorbed pro-
pionaldehyde reacted with lattice oxygen
on the (0001)-Zn surface to form surface
propionate species for adsorption tempera-
tures between 150 and 330 K (steps 1 and 3
in Fig. 8). However, a second competing
reaction pathway was also observed: both
the TPD and the XPS resuits demonstrated
that this second pathway resulted in the
formation of surface formate species (steps
1 and 2 in Fig. 8). The selectivity for these
two competing reaction pathways showed a
strong temperature dependence. Following
aldehyde adsorption at 300 K only the
pathway leading to the corresponding car-
boxylate species was observed. For this
adsorption temperature, the TPD results
were similar to those for propionic acid and
characteristic of the decomposition of sur-
face propionate species. In contrast to ad-
sorption at 300 K, propionaldehyde ad-
sorption at temperatures below ca. 240 K
resulted in TPD products characteristic of
the decomposition of both surface formate
and the higher carboxylate species.
Although both the carboxylic acids and
the aldehydes reacted on the (0001)-Zn sur-
face to form the corresponding surface car-

boxylate species, the selectivity for their
decomposition (steps 6 and 7 in Fig. 8) was
found to be dependent on the origin of the
carboxylates. Carboxylates produced from
the carboxylic acids exhibited a high se-
lectivity for reaction to unsaturated al-
dehydes, while carboxylates produced
from the aldehydes had a high selectivity
for oxidation to CO and CO,. For example,
on the carboxylic acid-dosed surfaces the
ratio of the fraction of surface carboxylate
species which decomposed to unsaturated
aldehydes to that which was completely
oxidized was 1.5 for acetates and 0.75 for
propionates (17). For acetates produced via
reaction of acetaldehyde on the (0001)-Zn
surface at 300 K, the corresponding ratio
was 0.2, while for the propionates produced
from propionaldehyde no unsaturated al-
dehydes were detected as decomposition
products.

Since the XPS results did not provide any
evidence which would suggest chemical
differences between the higher carboxyl-
ates produced from the aldehydes and
those produced from the carboxylic acids,
it is somewhat surprising that there was
such a large difference in selectivity for the
decomposition of these carboxylates. It is
possible that these differences in selectivity
were due in part to differences in the extent
of reduction of the surface produced by
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reaction of the carboxylic acids and the
aldehydes. Since the formation of carboxyl-
ates from the aldehydes requires lattice
oxygen, carboxylate species produced from
the aldehydes may be bound to a more
reduced surface than those produced from
the carboxylic acids. This difference in the
extent of surface reduction may result in
changes in the selectivity.

It is also possible that differences in the
coordination of the surface carboxylate
species produced from the aldehydes and
carboxylic acids account for the differences
in carboxylate decomposition selectivity.
As suggested previously, dissociative ad-
sorption of the carboxylic acids may favor
the formation of monodentate carboxylates
while reaction of the aldehydes may favor
formation of bidentate carboxylates (17).
The decomposition of monodentate carbox-
ylates would be expected to favor aldehyde
production, while decomposition of biden-
tate carboxylates would favor the unselec-
tive decomposition products. Recent re-
sults for the decomposition of monodentate
and bidentate acetates on platinum surfaces
(23) have displayed such trends in selec-
tivity.

Even more surprising than the differ-
ences in selectivity for higher carboxylate
decomposition between the aldehyde and
the carboxylic acid-dosed surfaces was the
appearance of formate decomposition prod-
ucts following the adsorption of acetal-
dehyde, propionaldehyde, and acrolein on
the (0001)-Zn surface at low temperatures.
The production of formate species from the
aldehydes requires carbon-carbon bond
cleavage and elimination of the alkyl group
from the aldehyde. This reaction provides a
low-temperature pathway to the formation
of unselective oxidation products and may
limit the overall selectivity obtainable with
metal oxide catalysts. The mechanism by
which this alkyl elimination occurs is not
clear; however, comparisons of the TPD
results for the aldehydes and carboxylic
acids may provide insight into possible re-
action pathways.

Since alkyl elimination was observed
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only for the aldehydes and not for the
carboxylic acids, low-temperature alkyl
elimination must occur prior to carboxylate
formation. The initial reaction of the al-
dehydes with the surface is undoubtedly
nucelophilic attack via lattice oxygen at the
carbonyl carbon of the aldehyde to form a
di-oxy alkylidene surface species (step 1,
Fig. 8). Subsequent elimination reactions
lead to the formation of formate or the
higher carboxylate depending on whether
the hydride or the alkyl group is eliminated.
These reactions can be considered to be
analogous to well-known nucleophilic addi-
tion—-displacement reactions commonly ob-
served in solution. In the case of the sur-
face reactions, lattice oxygen acts as the
nucleophile; the alkyl group and the hydro-
gen atom act as leaving groups. In solution
a hydrogen atom, almost without excep-
tion, is a better leaving group than an alkyl
group. Thus, nucleophilic addition—dis-
placement reactions of aldehydes in so-
lution proceed via hydride elimination
rather than alkyl group eliminations. Al-
though the solution chemistry is compli-
cated by effects of solvation which are not
present for gas—solid reactions, this obser-
vation suggests that alkyl elimination reac-
tions of aldehydes may be a novel property
of the surface chemistry of metal oxides.
Indeed, the formation of surface formate
species during the oxidation of aldehydes
and ketones has been observed on several
metal oxides, including MgO and NiO (24),
in addition to ZnO (25).

The strong temperature dependence of
the relative rates of alkyl elimination and
hydride elimination indicates that hydride
elimination is a more highly activated pro-
cess than alkyl group elimination on zinc
oxide. Thermochemical calculations pre-
dict that the o« C-~H bond energy in pro-
pionaldehyde is approximately 13 kcal/mol
greater than the o C-C bond energy (26,
27). Therefore, the temperature depen-
dence of the reaction of aldehydes on the
(0001)-Zn surface may simply reflect these
differences in the « C-H and o C-C bond
energies of the aldehydes. The ratio of the
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rate of hydride elimination to that of alkyl
elimination can be estimated from the ratio
of the coverage of surface formates and
propionates produced for each dosing tem-
perature. The relative coverage of formates
and propionates produced from propional-
dehyde following adsorption at 170 K, as
determined from the C(1s) peak areas, was
approximately 1.7. For adsorption at 300
K, both the XPS and the TPD results
indicated that the rate of hydride elimina-
tion was at least 10 times greater than the
rate of alkyl elimination. These two relative
rates yield an activation energy difference
between the two pathways of 9.2 kcal/mol,
in reasonable agreement with the 13 kcal/
mol difference in « C-H and « C-C bond
energies for propionaldehyde.

Differences in bond energies may also be
able to explain the differences in the rela-
tive coverages of formate species produced
from the three aldehydes. The TPD data
demonstrated that for a fixed adsorption
temperature the relative rates of formate
formation to higher carboxylate formation
increased in the order CH, = CHCHO <
CH;CHO < CHs;CH,CHO. Although the «
C-H bond energies do not vary signifi-
cantly between the three aldehydes, there
are significant variations in the o C-C bond
energies. Thermochemical calculations
yield @« C-C bond energies for acrolein,
acetaldehyde, and propionaldehyde of 87.5,
84.6, and 84.3 kcal/mol, respectively (26).
Based on these bond energies one would
predict the same order of relative rates of
formate formation to higher carboxylate
formation for the three aldehydes as was
observed experimentally.

The results of this investigation suggest a
possible route for production of surface
formate and acetate species during the re-
action of propylene on metal oxide surfaces
via the reaction of the aldehyde selective
oxidation products with lattice oxygen.
This pathway is an alternative to the sug-
gestion of Davydov et al. (9) that carboxyl-
ate species and m-allyl species are produced
by parallel reactions of the adsorbed olefin.
Although the selective oxidation pathways
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to produce unsaturated aldehydes appear to
be similar on many metal oxides, the subse-
quent oxidation of the product aldehydes to
produce carboxylate species appears to de-
pend strongly on the nature of the interac-
tion of the aldehyde with the metal oxide.
On highly selective catalysts such as bis-
muth molybdates, aldehydes apparently do
not react with surface oxygen to form car-
boxylate species (4). The formation of car-
boxylate species from aldehydes also ap-
pears to be important in the catalytic
oxidation of propylene to produce acrylic
acid. Highly selective bismuth—molybdate
catalysts produce essentially no acrylic
acid from propylene. Less selective cata-
lysts such as tin molybdates and cobalt
molybdates produce significant amounts of
both acrolein and acrylic acid from propyl-
ene, suggesting that the aldehydes react to
form higher carboxylate species on these
surfaces (4). On even less selective cata-
lysts such as zinc oxide, the reaction of
aldehydes results in the formation of both
formate and higher carboxylate species.
The formation of formate species provides
a low-temperature pathway to complete
oxidation products, contributing to the low
selectivity of zinc oxide as an olefin oxida-
tion catalyst.

In addition to the observation of a low-
temperature unselective aldehyde oxida-
tion pathway, the behavior observed for the
decomposition of the higher carboxylate
species may also be relevant to selective
oxidation of hydrocarbons on metal oxide
catalysts. The decomposition of surface
propionate species from propionic acid re-
sulted in the production of acrolein. Thus,
the decomposition of surface carboxylate
species appears to provide an alternate
pathway for the production of unsaturated
aldehydes on metal oxide surfaces. Similar
results were also obtained for the decom-
position of surface acetates from both
acetic acid and acetaldehyde; acetate de-
composition produced ketene. In a recent
study of carboxylic acid decomposition on
TiO,, unsaturated aldehydes were ob-
served as decomposition products for both
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surface acetates and propionates (28).
Thus, this route to unsaturated aldehydes
may also be characteristic of metal oxides.

CONCLUSIONS

Acetaldehyde, propionaldehyde, and
acrolein underwent nucleophilic attack by
lattice oxygen on the (0001)-Zn surface of
ZnO followed by elimination of either the
hydride or the alkyl group to form the
corresponding surface carboxylate species
and surface formate species, respectively.
The alkyl elimination pathway was favored
by adsorption by low temperatures, while
adsorption at room temperature and above
favored hydride elimination. The activation
energy difference between these two com-
peting pathways was found to correlate
well with the differences in @« C—H and «
C-C bond dissociation energies for these
aldehydes.

These results may have implications for
selective oxidation of hydrocarbons by
metal oxide catalysts. Alkyl elimination to
produce surface formate species represents
a low-temperature pathway that results in
the formation of both complete oxidation
products and undesired selective oxidation
products. In the case of propylene ammoxi-
dation, the analogous pathway may be able
to account for the low-temperature forma-
tion of HCN and CH;CN. The decom-
position of surface carboxylate species may
also provide an alternative to allylic oxida-
tion pathways for the production of un-
saturated aldehydes on metal oxide sur-
faces.
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