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ABSTRACT: Chemisorbed acetate species derived from
the adsorption of acetic acid have been oxidized on a nano-
Au/TiO, (~3 nm diameter Au) catalyst at 400 K in the
presence of O,(g). It was found that partial oxidation
occurs to produce gold ketenylidene species, Au,=C=
C=O0. The reactive acetate intermediates are bound at the
TiO, perimeter sites of the supported Au/TiO, catalyst.
The ketenylidene species is identified by its measured
characteristic stretching frequency v(CO) = 2040 cm™
and by C and 'O isotopic substitution comparing to
calculated frequencies found from density functional
theory. The involvement of dual catalytic Ti** and Au
perimeter sites is postulated on the basis of the absence of
reaction on a similar nano-Au/SiO, catalyst. This
observation excludes low coordination number Au sites
as being active alone in the reaction. Upon raising the
temperature to 473 K, the production of CO, and H,O is
observed as both acetate and ketenylidene species are
further oxidized by O,(g). The results show that partial
oxidation of adsorbed acetate to adsorbed ketenylidyne
can be cleanly carried out over Au/TiO, catalysts by
control of temperature.

he scarcity of fossil fuels along with the increasing price of

oil has stimulated significant efforts in the utilization of
other forms of renewable energy such as biomass. Acetic acid,
which is one of the most common products in the conversion
of biomass, has gained considerable attention.' The trans-
formation of acetic acid into other useful products is currently
one of the key issues in the development of optimal economic
strategies for the conversion of biomass. Novel Au oxidation
catalysts which have demonstrated remarkable catalytic
performance for the selective oxidation of CO and other
hydrocarbon sources®™* also show promising potential for
oxidation processes that convert acetic acid to valuable
unsaturated hydrocarbon intermediates via the selective
removal of hydrogen.

Experiment as well as theory have shown that dual perimeter
sites for nanometer Au/TiO, catalysts which involve both Au
and Ti*" centers, located at the interface of the Au nanoparticles
and the TiO, support, catalyze oxidation reactions by
dissociating O, molecules at these sites.’”® In this paper, we
show that these localized Au—Ti perimeter sites can catalyti-
cally oxidize acetic acid to a novel gold ketenylidene surface
intermediate (Au,=C=C=0, also known as gold ketenide).
This species is produced by the activation of the C—H bonds in
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the methyl group of chemisorbed CH;COO/TiO, at the Au/
TiO, perimeter, subsequently following the breaking of one
C=0 bond.

The study of ketenylidene species (CCO) has taken place
over a century since the first synthesis of ketene in 1905.” It is
considered an important intermediate in hydrocarbon
combustion,'®™"* in Fischer—Tropsch catalysis,"*"'* (but see
ref 19), and even in present-day astrochemistry.”® Most metal
ketenylidene species are synthesized as complexes with CCO
ligands centered on transition metal atoms, such as Ru,'* Fe,*!
0s,2! Ta,"> Zr,* HE" or Pt,*® or are observed during Cu thin-
film growth using a Cu organometallic complex.”* A set of
group 11 metal (Cu, Ag, Au) ketenylidenes was synthesized
from corresponding salts.”>™>” The detection of ketenylidene
species by spectroscopic measurements is typically confirmed
by theoretical simulations.”***~>° Since the proposal of possible
surface ketenylidene species by Shriver et al. in 1987, only
two documented cases of ketenylidene detection were reported
on well-characterized surfaces: acetone was reacted with a
preoxidized Ag(111) surface,'®*" and CO was deposited on a
W,C(0001) surface.>* Herein, we show for the first time the
spectroscopic observation of gold ketenylidene formation on a
TiO,-supported Au catalyst from the partial oxidation of acetic
acid at Au—Ti dual perimeter sites at the interface using O,(g).
The reaction is particularly interesting mechanistically because
the acetic acid reactant dissociatively adsorbs to form a
carboxylate (CH;COO™) intermediate on the TiO, support
while the product, ketenylidene, is bound to the gold
nanoparticles as a Auy=C=C=0 species.

The Au/TiO, catalyst (with Au particles possessing a mean
diameter of ~3 nm, Supporting Information, Figure S1) was
synthesized using the deposition—precipitation protocol from
HAuCl,, TiO, powder (Degussa P25), and urea as developed
by Zanella et al.>> Following synthesis, the Au/TiO, catalyst
and a blank TiO, sample were pressed separately as 7 mm
diameter spots into a tungsten grid and mounted into a high-
vacuum transmission IR cell that was described in detail
previously.”® To activate and regenerate the catalyst before
each experiment, a standard annealing treatment at 473 K was
carried out. The treatment includes heating in vacuum for 30
min and oxidation by 18 Torr of O, for 210 min, followed by
evacuation for 10 min. This annealing procedure removes most
of the hydrocarbon species accumulated on the catalyst during
its preparation, as observed by IR spectroscopy. Annealing at
higher temperature was avoided to minimize possible sintering
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of Au particles during treatment. The samples were cooled to
reaction temperatures between 370 and 400 K as described in
each experiment after the annealing treatment.

Figure 1 shows the IR spectra of saturated adsorbed acetate
(from acetic acid) on the Au/TiO, catalyst and on the TiO,
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Figure 1. IR spectra of acetate species (from acetic acid) adsorbed on
(a) Au/TiO, and (b) TiO, at 400 K.

blank sample at 400 K after evacuation of gas-phase acetic acid.
The four main features observed at 2936 cm™ (symmetric CH,
stretching), 1532 cm™ (asymmetric CO, stretching), 1454
ecm™! (symmetric CO, stretching), and 1338 cm™' (CH,
deformation) match well with other reported acetate ion
adsorption features on TiO,.>* The resemblance between the
two spectra indicates that acetic acid dissociatively adsorbs on
the TiO, surface to produce acetate. A weak feature at 2040
cm™' is uniquely observed on the Au/TiO, sample and is
attributed to the acetate partial oxidation product—gold
ketenylidene.>®> We postulate that this new species comes
from acetate reacting with the adsorbed oxygen left over from
the annealing treatment of the Au/TiO, catalyst. The unique
2040 cm™! band corresponds to the C=0 stretching motion
and falls into the observed frequency range of 2004—2076 cm ™"
for other reported ketenylidene ligands'*'¥'"?** and the
silver ketenylidene surface species.’’ The other reported
vibrational frequencies of gold ketenylidene species (v, ¢ at
428 ecm™; Scco at 562 cm ') are below the natural spectral
cutoff of TiO, (~1000 cm™"), and thus are not observed.
When the adsorbed acetate on the Au/TiO, catalyst as
reported in Figure la comes into contact with 1 Torr of gas-
phase O, at 400 K, the band at 2040 cm™' increases
immediately in absorbance as shown in Figure 2, indicating
an increase in coverage of the surface ketenylidene species due
to CH;COO/TiO, oxidation. Gold ketenylidene appears to be
the first and only oxidation product observed by IR from
adsorbed acetate ion at 400 K. No gas-phase CO, was detected
during the 90 min experiment, indicating a lack of total
oxidation at 400 K on the Au/TiO, catalyst. However, during
the annealing treatment in O, at 473 K carried out to restore
the catalyst surface, all adsorbed acetate and ketenylidene
species were oxidized to CO, and H,O, judging from the IR
spectra (not shown). This behavior gives evidence for
temperature-controlled oxidation. No reaction was detected
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Figure 2. IR spectra (solid lines) of the acetate partial oxidation
process on the Au/TiO, catalyst at 400 K under 1 Torr of O,(g).
Dotted spectrum: before O, exposure (reproduced spectrum from
Figure la).

from the IR observations on the TiO, blank sample under the
same experimental conditions for 90 min, indicating that gold is
necessary for the catalytic oxidation of acetate.

To further confirm the role of the Au—Ti dual perimeter
sites, a Au/SiO, sample with a similar average gold particle size
(~2.5 nm) was synthesized by Zanella et al.>® and tested in our
laboratory. Pretreatment and experimental conditions identical
to those employed for the Au/TiO, sample were used on the
Au/SiO, sample, but no ketenylidene species were detected at
400 K under 1 Torr of O,(g), as shown in Figure 3c. The
adsorbed acetate in the SiO, spectrum matches with literature
reports, where acetic acid deprotonates on the SiO, surface.””
Hydrogen bonding between the carbonyl group and the highly
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for 60 min, 550 K
d)in 11 Torr of O,
for 1 min, 550 K

(g) clean Au/SiO,, 400 K

(c)in 1 Torr of O,
for 30 min, 400 K
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Figure 3. IR spectra of an acetic acid oxidation experiment similar to
that depicted in Figure 2 but on a Au/SiO, sample. Spectra a—e are
taken in one experiment sequentially: (a) clean hydroxylated Au/SiO,
sample at 400 K; (b) adsorbed acetic acid on Au/SiO, at 400 K; (c)
after contact with 1 Torr of O, at 400 K for 30 min; (d) ramp up
temperature to 550 K and increase O, pressure to 11 Torr for 1 min;
(e) 11 Torr of O, at 550 K for 60 min.
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hydroxylated SiO, surface also occurs, indicated by the intensity
decrease of the isolated Si—OH band at 3735 cm™ and the
increase of the broad band ~3571 cm™ for hydrogen-bonded
Si—OH groups.”” The obvious differences between the acetate/
Au/SiO, spectrum (Figure 3b) and the acetate/Au/TiO,
spectrum (Figure 1) again confirm that the acetate observed
in Figure 1 is adsorbed on TiO, and not on Au.

To be sure that the Au/SiO, sample is inactive toward acetic
acid oxidation, the reaction temperature was increased to 550 K
with an increased oxygen pressure of 11 Torr. Under these
conditions, the loss of adsorbed acetate/SiO, species was
observed during the 60 min experiment shown in Figure 3d,e,
but no gold ketenylidene species were detected by IR
spectroscopy. The negative result from the Au/SiO, sample
shown in Figure 3 compared to the observed catalytic activity
on the Au/TiO, catalytic sites for oxidation of CH;COO/TiO,
indicates that the oxidation requires both a Ti site and a Au site,
and that low-coordinate Au sites present on Au/SiO, are
insufficient for ketenylidene formation.

In a separate set of experiments, we found that acetate and
gold ketenylidene are also the final products of ethylene partial
oxidation on a Au/TiO, catalyst at 370 K. Utilizing this
property, we used isotope-labeled *C,H, to confirm the
vibrational assignment of gold ketenylidene. Figure 4 shows the
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Figure 4. "*C-isotopic study of gold ketenylidene formation from
ethylene oxidation on Au/TiO, catalyst. Spectra taken after 90 min of
reaction at 370 K with 0.5 Torr of ethylene and 0.5 Torr of O,. (a)
2C,H, study. (b) C,H, study.

oxidation products of a mixture of 0.5 Torr '*C,H, and 0.5
Torr O,, compared with the oxidation products of a mixture of
0.5 Torr “C,H, and 0.5 Torr O,, on the Au/TiO, catalyst at
370 K. Acetate and gold ketenylidene features are observed
during the reaction as shown in Figure 4. The *C substitution
caused a red shift for every vibrational feature observed in
acetate and gold ketenylidene. A 57 cm™' red shift was
measured for Au,="C="C="%0 (1983 cm™) compared to
Au,="C="C="°0 (2040 cm™"). In addition to '*C isotope
labeling, we also used 'O (99%) to oxidize ethylene. A
Au,="C="C="0 adsorption band at 2010 cm™' was
observed (spectrum not shown), red-shifted 30 cm™ from the
non-labeled Au,="C=">C="%0 species.

To rationalize these frequency shifts, we carried out first-
principles density functional theory (DFT) calculations to
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simulate the chemisorbed gold ketenylidene structure and its
corresponding frequencies. We used a (2x3) unit cell to
simulate the surface rutile TiO,(110) structure, with four O—
Ti—O trilayers stacked in the Z-direction. The 3 nm Au particle
on TiO, is simulated by a close-packed Au nanorod that has 3-
Au atomic-layer height and infinite length. This model provides
a reliable description of the Au surface with different Au atom
coordination number (CN) sites and was used previously by
other groups and ourselves to model catalytic reactions at the
Au/TiO, interfaces.>”**® More details of the model structure
and calculation can be found in the Supporting Information.
We surveyed the entire Au/TiO, model surface and
calculated the most probable adsorption sites in order to find
the most stable configurations for the ketenylidene species,
including the Au and Tiy, sites at the Au/TiO, perimeter, as
well as the Tig, sites removed from the interface. The linear
ketenylidene species preferentially binds to the bridge Au—Au
edge site (CN=7) at the top of the Au cluster to form a Au,—
C=C=0 species that is oriented away from the edge, as
shown in Table 1. The adsorption energy of ketenylidene at

Table 1. Comparison of Experimentally Measured Gold
Ketenylidene Isotopically Labeled Species Frequencies and
DFT-Calculated Frequencies
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this site was calculated to be —3.85 eV (Figure S2a), which is
significantly larger than those for the other configurations
examined, including the formation of a di-o-bound Ti;,—C=
C=0-Tij_ intermediate which lies parallel to the TiO, surface
(—2.77 eV, Figure S2b) and the formation of (Tis.),=C=C=
O intermediates oriented normal to the TiO, support removed
from the Au nanorod (—2.52 eV, Figure S2c) as well as at
interfacial Tis.—Tis, sites at the Au perimeter (—2.32 eV, Figure
S2d).

In addition to Au, being the most stable adsorption site for
ketenylidene, it also results in the closest theoretical v(C=0)
vibrational frequency (2041 cm™) to the band frequency
measured experimentally (2040 cm™') for the non-isotope-
labeled gold ketenylidene species. The calculated vibrational
frequencies for ketenylidene adsorbed on the various Tij, sites
(Figure S2) differ from the experimental measured value by
more than 30 cm™'. Comparisons of the calculated isotopic
shift of the v(C=O0) frequency for the Au,=C=C=0
configuration to the experimental measurements are summar-
ized in Table 1. The almost exact match of absolute frequencies
shown in Table 1 is a happy coincidence from DFT simulation.
The direction and magnitude of frequency shifts from
calculated isotope substitution matches the experimental
measurements, confirming the observation of the production
of gold ketenylidene chemisorbed species from the partial
oxidation of CH;COO/TiO,.

The catalytic partial oxidation of acetate ion adsorbed on
TiO, to form gold ketenylidene at the dual perimeter sites of

1980 1983

2010
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the Au/TiO, catalyst thus appears to proceed through a series
of steps involving C—H bond scission and C—O bond scission.
We postulate that the C—H bond scission is activated by the
atomic O generated from O,(g) dissociation at the Au—Ti dual
perimeter sites.”® Following C—H bond scission, the Au—C
bonds start to form, which facilitates the activation of the C—O
bond at the Ti cationic sites. A schematic of the oxidation
process from CH;COO/TiO, to the O=C=C/Au inter-
mediate is shown in Figure S.

+0,(8) <
Au H, z ofAu ;
A&\\ -3H
il -10
Tio, TiO,

Figure S. Scheme of the catalytic oxidation of CH;COO/TiO, at the
perimeter of the Au/TiO, particle, forming Au,=C=C=0.

To the best of our knowledge, this is the first report of the
catalytic oxidation of acetate (and ethylene) to ketenylidene
over a supported Au catalyst. The gold ketenylidene species
formed at temperatures around 400 K can be further oxidized
to CO, and H,O at 473 K on the same catalyst, illustrating that
the depth of the catalytic oxidation can be controlled by varying
the reaction temperature. The acetate-to-ketenylidene forma-
tion path is a combination of dehydrogenation (oxidation) and
deoxygenation of chemisorbed acetate, which are crucial steps
for biomass conversion into more valuable industrial chemicals.
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