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ARTICLE INFO ABSTRACT

Available online 11 April 2015 Partial oxidation of acetaldehyde (CH3CHO) on the oxygen pre-covered Au(111) single crystal model catalyst
was investigated via Temperature Programmed Desorption (TPD) and Temperature Programmed Reaction Spec-
troscopy (TPRS) techniques, where ozone (Os3) was utilized as the oxygen delivery agent providing atomic oxy-
gen to the reacting surface. We show that for low exposures of O; and small surface oxygen coverages, two partial
oxidation products namely, methyl acetate (CH3COOCH3) and acetic acid (CH;COOH) can be generated without
the formation of significant quantities of carbon dioxide. The formation of methyl acetate as the oxidative cou-
pling reaction product implies that oxygen pre-covered Au(111) single crystal model catalyst surface can activate
C-C bonds. In addition to the generation of these products; indications of the polymerization of acetaldehyde on
the gold surface were also observed as an additional reaction route competing with the partial and total oxidation
pathways. The interplay between the partial oxidation, total oxidation and polymerization pathways reveals the
complex catalytic chemistry associated with the interaction between the acetaldehyde and atomic oxygen on

Keywords:
Au(111)

Oxidative coupling
Partial oxidation
Acetaldehyde
Methyl acetate

catalytic gold surfaces.
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1. Introduction

Gold has been considered as an inactive metal in catalysis for a long
time. However, several pioneering studies in the last few decades dem-
onstrated the unusual catalytic properties of gold nanoparticles in oxi-
dation reactions which paved the way to a vast number of subsequent
catalytic studies establishing the reactivity of gold-based systems in a
variety of oxidation, hydrogenation, dehydrogenation and coupling
reactions [1-15]. Heterogeneous gold catalysts can be structurally-
tuned to demonstrate a high selectivity in partial oxidation reactions
eluding the generation of undesirable oxidation byproducts as well as
the total oxidation product, CO, [15,16]. Therefore, the high selectivity
of gold catalysts in heterogeneous catalytic reactions also renders
these materials promising systems in green chemistry applications. In
order to optimize the performance of these uniquely active and selec-
tive catalytic materials, mechanisms of the corresponding reactions oc-
curring on gold surfaces should be understood at the molecular level.
Fundamental surface science studies on single crystal gold model cata-
lysts provide valuable insights regarding the reaction mechanisms oper-
ating during the catalytic reactions [17-23]. Selective oxidation and
oxidative coupling reactions of alcohols and aldehydes can produce
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commercially valuable partial oxidation products such as esters which
are of high demand by the chemical industry. Furthermore, carrying
out such partial oxidation reactions at a gas/solid interface over Au het-
erogeneous catalysts eliminates the necessity to employ environmen-
tally toxic solvents and expensive post-reaction separation processes
associated with homogenous catalytic alternatives.

It has been pointed out in former studies that in order to obtain par-
ticular partial oxidation products on gold catalysts, specific reaction in-
termediates must be initially formed on the catalyst surface [24]. Due to
their strongly basic and highly reactive nature, adsorbed atomic oxygen
species are very efficient in initiating the formation of such surface in-
termediates [15,25]. However, oxygen delivery and activation on gold
surfaces using conventional oxidants (e.g. O,) may present challenges
as the dissociative adsorption probabilities of many oxygen carriers on
gold surfaces are extremely low [26-28]. In order to circumvent the ox-
ygen activation problem on monometallic gold surfaces, several
methods have been devised enabling the decoration of catalytic gold
surfaces with adsorbed atomic oxygen species [20]. One of these effec-
tive methods to prepare atomic oxygen on gold surfaces under ultra-
high vacuum (UHV) conditions is ozone (O3) exposure [29].

Thus, in the current report, we focus on the oxidative coupling reac-
tions of acetaldehyde on the Au(111) single crystal model catalyst sur-
face. By exploiting O3(g) as an efficient oxygen delivery agent, we
elucidate the nature of the catalytic products generated as a result of
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the interaction between pre-adsorbed oxygen species on Au(111) and
acetaldehyde via surface-sensitive mass spectrometric techniques.

2. Materials and methods

Experiments were performed in a custom-made UHV chamber with
a base pressure of 4 x 10~ % Torr which is equipped with X-ray Photo-
emission Spectroscopy (XPS, Riber Mg/Al dual anode with a Riber
EA150 electron energy analyzer), Low Energy Electron Diffraction
(LEED, custom-made), Infrared Reflection Absorption Spectroscopy
(IRAS, Bruker Tensor 37) and Temperature Programmed Desorption
(TPD)/Temperature Programmed Reaction Spectroscopy (TPRS) capa-
bilities. A quadrupole mass spectrometer (Ametek Dycor Dymaxion
DM200) and a PID-controlled linear sample heater (Heatwave, Model
101303) were used for the TPD and TPRS experiments. All of the
temperature-programmed mass spectroscopic experiments were per-
formed using a heating rate of 1 K/s. Au(111) single crystal sample
(10 mm-diameter x 1 mm-thickness disc, both sides polished, MaTeck
GmbH) was affixed on Ta wires; through which the sample could be re-
sistively heated up to 1073 K. The cooling of the sample was achieved
via a liquid nitrogen reservoir located inside the sample manipulator
probe holding the Au(111) single crystal. The temperature of the sam-
ple was measured using a K-type thermocouple attached on the lateral
facet of the Au(111) disc. Au(111) sample surface was cleaned by cycles
of Ar* sputtering (Ar(g), Linde AG, >99.999% purity) at room tempera-
ture using an accelerating voltage of 1.5 kV which is followed by anneal-
ing at 773 K in UHV. The cleanness of the surface prior to experiments
was confirmed by XPS and LEED.

Atomic oxygen was accumulated on the Au(111) model catalyst sur-
face by ozone exposure at 140 K. This dosing temperature was found to
be the lowest temperature allowing the clean delivery of ozone from the
silica-gel with a minimum accumulation of water and deposition of con-
taminants from the ozone source on the Au(111) model catalyst surface.
Ozone was produced on-board by feeding O,(g) (Linde AG, >99.999%
purity) to a commercial ozone generator (Genozon, GN-G1001S); the
generated ozone was initially trapped and concentrated in a silica gel
(1-2 mm mesh) which was positioned in a glass cell that is placed in
a dry ice/ethanol slurry kept at ca. 200 K. Then the trapped ozone in
the silica gel was released in a controlled manner into the dosing line
by gradual heating of the ozone trap. Released ozone from the trap
was dosed to the UHV system via a home-made pinhole-doser. The pin-
hole doser was manufactured by punching a circular hole (diameter =
ca. 5 um) on a %”"-diameter blank stainless steel Swagelok VCR gasket
using a high-power pulsed-laser. It is worth emphasizing that this pin-
hole doser was instrumental for the efficient delivery of ozone to the
UHV system and by extension to the Au(111) single crystal sample sur-
face. Utilization of such a tool significantly hinders the decomposition of
the ozone during the delivery allowing the transfer of intact Os(g) on
the sample surface. Before the experiments, acetaldehyde (Sigma-
Aldrich, anhydrous, purity 299.5%) was additionally purified by multi-
ple freeze-thaw-pump cycles in the gas manifold. Acetaldehyde was in-
troduced onto the oxygen pre-covered Au(111) surface (O/Au(111)) at
90 K. In the rest of the text, exposures of adsorbate species (&) are given
in Langmuir (L, 1L = 1 x 10~% Torr-s) and the estimated surface cover-
ages of the corresponding adsorbates are reported in monolayer equiv-
alents (MLE).

3. Results and discussion

Before the investigation of the interaction between adsorbed oxygen
species with acetaldehyde on the Au(111) model catalyst surface, it is
instructive to examine the adsorption/desorption phenomena
corresponding to each of the reactants in an individual manner. Thus,
Fig. 1 presents the TPD data corresponding to the dissociative
03(g) adsorption on the clean Au(111) surface at 140 K for various
exposures of O3(g), which is used to create atomic oxygen species on
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Fig. 1. Coverage-dependent TPD profiles for the m/z = 32 (0,) desorption channel obtain-
ed via ozone (03(g)) decomposition on the clean Au(111) model catalyst surface at 140 K.

Au(111) with different surface coverages. In these set of TPD experi-
ments, recombinative desorption of atomic oxygen in the form of O,
was followed by monitoring the m/z = 32 desorption channel. It
is worth mentioning that other relevant desorption channels such as
m/z = 16 (due to the fragmentation of 0,/03), 18 (H,0), 28 (CO), 44
(CO,), and 48 (03) were also simultaneously monitored (data not
shown). However, no other significant desorption signals were obtain-
ed other than m/z = 16 and 32. Comparative analysis of the m/z = 16
and 32 channels indicated that both of these desorption channels
were associated with the O, evolution.

TPD data given in Fig. 1 corresponding to the O, deposition from the
oxygen pre-covered Au(111) surface suggest that there are two distinct
desorption regimes evident by the temperature maxima located at 500
and 512 K. While the former desorption maximum is associated with
low surface coverages of oxygen, the latter is associated with high sur-
face coverages. These distinct types of oxygen desorption signals
might be related to chemisorbed oxygen, surface oxide and/or bulk
oxide species [20]. The adsorption of oxygen on Au model catalyst sur-
faces is a complex phenomenon, where the interplay between the na-
ture of the oxygen species, surface dispersion of oxygen, oxygen
diffusion to the subsurface, reconstruction and oxidation of the metallic
surface layer closely depends on the experimental parameters such as
the adsorbate coverage and the surface temperature [30]. The nature
of the various surface oxygen species generated on the Au(111) model
catalyst surface, their role in partial oxidation reactions as a function
of surface temperature and adsorbate coverage will be discussed in de-
tail in a forthcoming report [31]. TPD studies by Saliba et al. [29] re-
vealed that O3 exposure on the Au(111) surface at 300 K leads to O,
desorption maxima located at 520 and 550 K for low and high cover-
ages; respectively. In this former TPD study, a heating rate of
8.5K - s~ wasemployed in the TPD experiments. Thus, the discrepancy
in the O, desorption maxima between the current results given in Fig. 1
and that of Saliba et al. [29] can be readily attributed to the differences in
the surface temperature of Au(111) during adsorption and the heating
ramp rate.

As can be seen from the Fig. 1, the Au(111) surface can be saturated
with ozone at a surface temperature of 140 K. This is evident by the ob-
servation that two of the highest O3 exposures used in the current TPD
experiments (i.e. ¢ = 0.080 and 0.240 L) lead to an identical integrated
0, desorption signal. These two particular surfaces correspond to an
Au(111) model catalyst surface which is decorated with the highest
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atomic oxygen coverage obtained via ozone exposure at 140 K. This is
consistent with a former report by Saliba et al. [29] where the maximum
atomic oxygen coverage on Au(111) via ozone exposure was estimated
to be 6o = 1.2 MLE using TPD and Auger Electron Spectroscopy (AES).
Along these lines, in our atomic oxygen surface coverage estimations,
we estimated 6 values using this reference atomic oxygen saturation
coverage of 1.2 MLE.

As another benchmark experiment, we investigated the adsorption
and desorption properties of acetaldehyde on the clean Au(111)
model catalyst surface. Detailed analysis of the coverage-dependent ad-
sorption behavior of acetaldehyde on the clean Au(111) model catalyst
surface at 90 Kiis given in Fig. 2. The TPD results presented in Fig. 2 are in
very good agreement with the former work of Pan et al. [32]. Based on
this former report, 117 K and 124 K desorption features in Fig. 2 can
be attributed to the molecular desorption of acetaldehyde from multi-
layer states, where the former feature can be associated with an amor-
phous acetaldehyde multilayer while the latter corresponds to a
crystalline multilayer phase. The characteristic desorption signal at
139 K can be assigned to the desorption of acetaldehyde from the first
monolayer on the Au(111) surface. On the other hand, the high temper-
ature desorption signal located at c.a. 194 Kis associated with the depo-
lymerization of the polymerized forms of acetaldehyde on the Au(111)
model catalyst surface [32]. It is worth mentioning that polymerization
of acetaldehyde has been reported on a variety of single crystal surfaces
where the polymerization was confirmed by TPD and/or High Resolu-
tion Electron Energy Loss Spectroscopy (HREELS) on Ru(001) [33],
Pt(111) and Sn/Pt(111) [34], and Ag(111) [35], while acetaldehyde po-
lymerization was not observed on Pd(111) [36].

As can be seen in Fig. 2, relative acetaldehyde coverages present on
the Au(111) surface can be calibrated using the 139 K desorption signal
corresponding to the molecular acetaldehyde in the first monolayer. By
considering the maximum integrated desorption signal that can be
attained by the 139 K (i.e. monolayer) peak in the absence of any
multi-layer features located at 124 or 117 K, one can estimate the ap-
proximate saturation coverage of adsorbed species in the first monolay-
er. This can be achieved by integrating the m/z = 29 TPD curve between
128 and 223 K at the particular exposure corresponding to a maximum
intensity of the 139 K feature (i.e. &cyscno = 0.010 L). This approach is
based on the presumption that during the completion of the first
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Fig. 2. Coverage-dependent TPD profiles for the m/z = 29 desorption channel obtained via
acetaldehyde (CH3CHO(g)) adsorption on the clean Au(111) model catalyst surface at
90 K. Inset emphasizes the non-monotonic intensity of the chemisorbed acetaldehyde de-
sorption feature at 139 K as a function of acetaldehyde coverage (see text for details).

monolayer, albeit a limited extent, polymeric states start to appear be-
fore the saturation of the monolayer feature at 139 K.

Along these lines, the interplay between the monolayer desorption
feature at 139 K and the polymerization-related desorption states locat-
ed at 185, 194 and 202 K in Fig. 2; is worth discussing in further detail. It
is plausible that during the completion of the first monolayer, two-
dimensional (i.e. 2D) polymeric acetaldehyde species [33] may be
formed in addition to the adsorbed acetaldehyde species. This particular
2D-polymeric state has a characteristic decomposition temperature of
185 K. As can be seen in the inset of Fig. 2, at high acetaldehyde surface
coverages exceeding a monolayer, intensity of the 139 K feature starts to
attenuate at the expense of the growth of the multilayer features (i.e.
124, 117 K) along with new and strong desorption signals at 194 and
202 K. Therefore, it can be argued that at high surface coverages of acet-
aldehyde on Au(111), polymerization starts to dominate which lead to
the formation of strongly bound three-dimensional (3D) [33] polymeric
species, decomposing and desorbing at elevated temperatures (i.e. at
194 and 202 K).

Having investigated the separate adsorption behavior of the individ-
ual reactants, we also studied the adsorption of one of the important ox-
idative coupling products that can be generated during the reaction of
acetaldehyde with oxygen pre-covered Au(111), namely methyl acetate
(CH3COOCH3, MA). As can be seen in Table 1, the main QMS fragmenta-
tion signal for MA is observed for m/z = 43. Thus, we performed
coverage-dependent TPD experiments on the clean Au(111) surface at
90 K by varying the MA exposure (Fig. 3) and monitoring the m/z =
43 desorption signal. Fig. 3 indicates that low exposures of MA on
Au(111) lead to a characteristic desorption feature at ca. 167 K. This par-
ticular desorption feature can be assigned to the molecular adsorption
of MA on Au(111) in the first monolayer. It is apparent that 167 K de-
sorption signal saturates for higher MA exposures. At higher exposures
(e.g.0.01 L), a weak desorption feature can be detected at 141 K, which
can be assigned to MA species originating from the second layer. Further
increase in the MA exposure results in the observation of two multiyear
desorption features at 135 and 137 K which can be attributed to crystal-
line and amorphous multilayer phases, respectively.

Next, the reaction between the oxygen pre-covered Au(111) single
crystal model catalyst surface with acetaldehyde was investigated via
TPRS. Fig. 4 presents the corresponding TPRS results where a clean
Au(111) surface was initially dosed with O3 at a surface temperature
of 140 K with an exposure of €93 = 0.004 L. This was followed by a
0.04 L acetaldehyde exposure at 90 K. Relevant desorption channels
(ie.m/z = 18, 28, 29, 32, 43, 44, 45 and 59) were simultaneously mon-
itored during the temperature-programmed reaction. Analysis of the
normalized relative QMS fragmentation patterns given in Table 1 sug-
gests that m/z = 18, 28, 29, 45, 59 desorption channels can almost ex-
clusively be explained by considering a single species for each
desorption channel (i.e. H,0, CO, CH3CHO, CH3COOH and CH3COOCHS3;
respectively). On the other hand, m/z = 44 desorption channel can be
associated with both CH3CHO and CO, species. At least three separate
species can simultaneously contribute to the m/z = 43 desorption chan-
nel; namely CH3CHO, CH3COOH and CH3COOCH.

In Fig. 4, the desorption peaks located at 141 appearing in multiple
desorption channels such as m/z = 28, 29, 43 and 44 can be predomi-
nantly due to the chemisorbed acetaldehyde in agreement with similar
TPD features located at 139 K in Fig. 2. Fig. 4 reveals a water desorption
signal located at 154 K. Since this feature is not accompanied by con-
comitant carbon-containing desorption features of similar magnitude
appearing at 154 K; it is likely that this particular water desorption sig-
nal is associated with background water accumulated on the surface at
low temperatures during the experiment. Similar water desorption sig-
nals at 154 K have been observed after individual adsorption of acetal-
dehyde and methyl acetate (not shown). Desorption features located
at 171 K in Fig. 4 particularly for the m/z = 29, 43 and 59 desorption
channels can be assigned to predominantly MA, the oxidative coupling
product. It is worth mentioning that since the m/z = 44 trace in Fig. 4
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Table 1
Fragmentation patterns in the mass spectroscopic Residual Gas Analysis (RGA).

Normalized QMS Fragmentation Intensities

Chemical name m/z = 28 m/z = 29 m/z = 43 m/z = 44 m/z = 45 m/z = 59

Acetaldehyde” - 100 29 - -
(CH5CHO)

Methyl acetate” - 9 100 3 - 5
(CH;COOCH;)

Ethyl acetate™ 2 12 100 3 15 -
(CH5C00C,Hs)

Acetic acid™ 4 8 100 2 90 -
(CH5COOH)

Diethyl ether”" ™" 5 43 2 45 67
((CzHs)20) .

Carbon dioxide™ 10 - 100 1 -
(COy)

Carbon monoxide™” 100 1 - - -
(Co)

For each particular chemical, relative fragmentation intensity of the most intense desorption channel was normalized to 100.

* Current results.
** Obtained from [37].

*** The most intense fragmentation channel of diethyl ether (i.e. m/z = 31) is not shown in the table as this channel was not utilized in the current TPD/TPRS experiments.

does not reveal an intense feature at 171 K, a significantly high contribu-
tion of acetaldehyde to this feature can be ruled out. Furthermore, de-
sorption of MA at 171 K during the reaction of oxygen pre-covered
Au(111) with acetaldehyde (Fig. 4) is in perfect agreement with the de-
sorption temperature of chemisorbed MA on the clean Au(111) model
catalyst surface as shown in Fig. 3. On the other hand, the significant
CO desorption signal located at 171 K can be attributed to the decompo-
sition of chemisorbed acetaldehyde species into CO and H, (the latter
species was not followed in the current TPRS experiments) [33]. This
is due to the fact that neither MA nor acetaldehyde species has an in-
tense QMS fragmentation signals at m/z = 28. One can note that ethyl
acetate (like methyl acetate) also has an intense m/z = 43 fragmenta-
tion signal (see Table 1) and can be considered as an alternative product.
However, lack of the m/z = 45 signal at 171 K which is an expected frag-
mentation signal for ethyl acetate (Table 1), suggests that a significant
amount of ethyl acetate formation in addition to MA can be ruled out.
Furthermore, our control experiments involving individual ethyl acetate
adsorption on the clean Au(111) single crystal surface showed that for
adsorbate coverages less than 1 ML, ethyl acetate desorbs at a tempera-
ture of 189 K with a first-order desorption kinetics (data nor shown).
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Fig. 3. Coverage-dependent TPD profiles for the m/z = 43 desorption channel obtained via
methyl acetate (CH;COOCH;(g)) adsorption on the clean Au(111) model catalyst surface
at90 K.

This particularly higher desorption temperature of ethyl acetate is
also in accordance with the interpretation that the 171 K feature in the
m/z = 43 trace of Fig. 4 is predominantly associated with MA rather
than ethyl acetate. It is worth mentioning that oxidation of acetaldehyde
on oxygen-precovered Au(111) surface was also studied by X. Liu et al.
[38], however MA was not detected as a reaction product, since in this
former work, acetaldehyde was adsorbed on Au(111) at 180 K, a tem-
perature which is higher than the MA desorption temperature from
Au(111).

Fig. 4 shows that at higher temperatures, TPRS data reveal a distinct
desorption feature at 226 K for the m/z = 45 channel which is exclu-
sively associated with acetic acid. It is worth mentioning that this partic-
ular feature cannot be attributed to diethyl ether; since there is no
detectable feature in the m/z = 59 TPRS channel of Fig. 4 at 226 K
(Table 1). The influence of the acetic acid desorption is also visible in
other relevant desorption traces such as m/z = 29, 43, 44. However be-
havior of m/z = 29, 43, 44 at T > 200 K is more complex due to the con-
tribution to these desorption channels from the desorption products of
polymerized acetaldehyde species as well as decomposed acetic acid
[39]. On the other hand, the desorption signals appearing at 237 K in
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Fig. 4. TPRS profiles for various desorption channels obtained after the exposure of 0.004 L
of ozone on a clean Au(111) model catalyst surface at 140 K, followed by 0.04 L acetalde-
hyde exposure at 90 K.
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m/z = 28, 29, 43, 44 traces of Fig. 4 have a smaller contribution from
acetic acid due to the lack of the m/z = 45 desorption signal and reflect
a convoluted identity that can be associated with acetaldehyde and CO,,
However, the lack of a significant H,0 desorption signal (i.e.m/z = 18 in
Fig. 4) within the temperature window of 200-300 K suggests that total
oxidation is not significant under such reaction conditions. Finally, in-
creasing the reaction temperature to 271 K leads to the evolution of
strong desorption signals which can be originating from the decomposi-
tion of polymerization products of acetaldehyde as well as the decom-
position of acetic acid. It is worth mentioning that no significant O,
(i.e. m/z = 32) desorption was detected throughout the TPRS experi-
ments given in Fig. 4.

4. Conclusions

In the current work, partial oxidation of acetaldehyde (CH;CHO) on
the oxygen pre-covered Au(111) single crystal model catalyst was in-
vestigated via Temperature Programmed Desorption (TPD) and Tem-
perature Programmed Reaction Spectroscopy (TPRS), where ozone
(03) was utilized as the oxygen delivery agent to the surface. We
show that for low exposures of O3 and small surface oxygen coverages,
two different partial oxidation products namely, methyl acetate
(CH3COO0OCHS3) and acetic acid (CH;COOH) can be generated without
the formation of significant quantities of carbon dioxide. Since the for-
mation of methyl acetate as the oxidative coupling reaction product im-
plies C-C bond activation; it was demonstrated that oxygen pre-
covered Au(111) single crystal model catalyst surface can activate C-C
bonds. In addition to the generation of these products; indications of
the polymerization of acetaldehyde on the gold surface were also ob-
served as an additional catalytic route competing with the partial and
total oxidation pathways. The interplay between the partial oxidation,
total oxidation and polymerization pathways reveals the complex cata-
lytic chemistry associated with the interaction between the acetalde-
hyde and atomic oxygen on catalytic gold surfaces.
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