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Aerobic oxidation of 1-phenylethanol was investigated over Au deposited on flame-derived Mg-Al and
Cu-Mg-Al mixed oxides with different metal ratios. A maximum in acetophenone (1-phenyl-ethanone)
yield was observed for catalysts based on both Cu-Mg-Al and Mg-Al mixed oxides depending on their
composition. Special attention was given to the elucidation of the role of surface basicity and the
influence of the preparation route on the particle size of Au. Adsorption of CO, from the liquid phase
combined with in situ ATR-IR and modulation excitation spectroscopy (MES) was applied to investigate
differences in the surface properties of the mixed oxides as a function of the composition. Monodentate
and bidentate carbonates were identified, the former being dominant on supports with high Cu contents.
In order to obtain a rough quantification of the surface basicity, the retroaldolisation of 4-hydroxy-4-
methyl-2-pentanone (diacetone alcohol, DAA) was chosen as a probe reaction indicating that a ratio Mg/
Al = 3 results in optimal surface basicity. Moreover, the addition of Cu only lead to a partial loss in
retroaldolisation activity, indicating that also the copper sites form basic centers on the surface, however,
slightly weaker ones than the corresponding Mg sites. The preparation routes applied (adsorption of
colloid, deposition precipitation, and impregnation) lead to different gold particle sizes characterized by
mean diameters of ~2, ~9 and ~30 nm, respectively. Catalytic tests using Au/Cu;Mg,Al, O, catalysts with
different mean gold particle size hint towards a particle size dependence of the aerobic oxidation of 1-
phenylethanol, showing higher activity for the catalyst containing gold particles of ca. 9 nm compared to

those with 2 and 30 nm particles, respectively.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Gold had since long been used industrially as a promoter, e.g. in
the gas phase synthesis of vinyl acetate monomer in the form of
supported PdAu catalysts [1-5] as well as in hydrogenation
reactions [6-8]. However, it took the pioneering work of Haruta
etal.[9] to boost the application of gold [ 10] in catalysis. Today gold-
based catalysts are successfully used in various heterogeneous and
homogeneous reactions as evidenced by several reviews [11-14].
Starting with the oxidation of diols [15], Au has been successfully
employed in the aerobic catalytic oxidation of various structurally
different alcohols at ambient and high pressure [16-23] reaching
similar TOF values compared to Pd [24]. Key parameters affecting the
activity of the catalyst are the oxidation state of the active Au species,
for example in the catalytic oxidation of CO [12,13,25-32], the
support and modifications thereof [33-38], and the influence of the
Au particle size [39-43].
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Recently we have reported on the strong enhancement of
activity in gold-based aerobic alcohol oxidation by the concerted
effect of Cu and Mg containing mixed oxide supports [22] with
hydrotalcite-like composition [44]. In order to analyze the crucial
structural properties, several different mixed oxide supports
including Cu, Mg and Al oxides in different ratios have been
prepared and tested as supports for Au in the catalytic aerobic
oxidation of various alcohols.

Here we have extended this study, including a broader range of
mixed Cu-Mg-Al oxide support compositions as well as CeO, [21]
and TiO, [18,19] for comparison. Particular attention is given to the
investigation of the basic surface properties of these catalysts and
their influence on the catalytic behavior.

For this purpose, we applied CO, adsorption measurements from
the liquid phase using ATR-IR combined with modulation excitation
spectroscopy (MES) and phase sensitive detection (PSD) [45-48].
The application of MES and PSD leads to improved spectral
resolution and distinction of the different surface species (carbo-
nates). Additionally, the basicity of the Cu-Mg-Al mixed oxide
supports was tested using the retroaldolisation of diacetone alcohol
[49-51] as a probe reaction. Both investigations indicated that the
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Cu content as well as the (Cu + Mg)/Al molar ratio are the crucial
factors influencing the surface basicity. Finally, some preliminary
test of the effect of the Au particle size on the catalytic behavior using
three different preparation routes for the mixed oxide-supported
gold particles, a colloidal route [25,52], deposition precipitation [53]
and conventional impregnation revealed that small gold particles
(2 nm) are less active than larger ones (9 nm).

2. Experimental
2.1. Preparation of supports and catalysts

The ternary Cu,Mg,Al.O, - and the binary Mg,Al.O, and
CugAl.0, - mixed oxide supports! as well as the MgO, and the
Al,05 supports were prepared by flame spray pyrolysis (FSP). The
designation Cu,Mg,Al.O, with the subscripts a, b, and c refers to a
molar ratio of Cu:Mg:Al=a:b:c and is used throughout the
manuscript. A series of supports have been prepared varying the
(Mg + Cu)/Al ratio from 1:0 in four steps to 0:1 and varying the Cu
content at a constant (Mg + Cu)/Al ratio. A detailed description of
the experimental setup and the procedure applied in the
preparation of the supports and of the catalysts prepared by the
deposition precipitation technique can be found in [22,54,55].
Reference supports applied were CeO, (MCT Microcoating
Technologies) and TiO, (P25, Degussa). For the incipient wetness
impregnation, 990 mg of the support were taken and mixed with
the appropriate volume of a HAuCl,4-3H,0 stock solution and dried
overnight at room temperature. The catalyst was then dried at
80 °C over night and subsequently calcined at 400 °C for 3 h
[18,26,56]. The calcination temperature was set to the relatively
high temperature 400 °C in order to create a catalyst with larger
particles than prepared by deposition precipitation and to avoid Au
leaching [56]. In another preparation route, Au colloids were
deposited on a Cu-Mg-Al mixed oxide support according to a
recipe previously published by our group [25,52]. All glasswares
used in this preparation were cleansed exhaustively and the
preparation was conducted following the procedure described in
detail in [25,52]. The nominal Au content of all catalysts examined
here was 1 wt.%. Blank experiments performed with the pure
supports showed negligible activity (yield <1%).

2.2. Retroaldolisation of 4-hydroxy-4-methyl-2-pentanone
(diacetone alcohol, DAA)

The decomposition of DAA was chosen as a probe reaction for
the surface basicity of the catalytic systems. The reaction was
carried out at 80 °C (refluxing cylcohexane) in a 50 ml round flask
using 50 mg of the support material and a solution of DAA with a
concentration of 1 mol/l in cyclohexane; tetradecane was added as
an internal standard. Samples were taken at different reaction
times and analyzed by means of gas chromatography (Thermo
Quest Trace 2000 equipped with a HP-FFAP capillary column and
an FID detector). The blind test with the neat solution under the
conditions given showed a conversion of <2% and was neglected in
the data analysis. The reaction rate was calculated by following the
conversion of diacetone alcohol with time [49,50].

2.3. Catalytic tests

Catalytic tests were performed at 90 °C using 50 mg of each
catalyst and 3 mmol 1-phenylethanol in 2 ml mesitylene as a test
substrate. The oxygen flow was set to 50 ml/min using mass flow

controllers. O, was bubbled through the vigorously stirred liquid at

! Note that the support contained significant amounts of carbonates.

atmospheric pressure. Samples were analyzed by gas chromato-
graphy (Thermo Quest Trace 2000 employing a HP-FFAP capillary
column and FID detector); tetradecane was added as an internal
standard.

2.4. ATR-IR spectroscopy, MES calculations

CO, was employed as a probe molecule to characterize the basic
surface properties of the mixed oxide-supported Au catalysts. The
adsorption of CO, leads to the formation of different carbonate
species [57,58] discernible by employing ATR-IR spectroscopy and
the MES approach [45-48,59]. In the MES approach, the catalytic
system is modulated periodically by changing a variable of
interest, e.g. concentration. If a system is perturbed with a certain
frequency the affected intensities will respond at the modulation
frequency (or higher harmonics thereof) and possibly exhibit a
phase delay in the response [46,60], i.e. species appearing at the
same time of the modulation period exhibit similar in-phase angles
leading to a phase sensitive detection (PSD) of the different signals.
Here, CO,-saturated toluene was used to equilibrate the surface

and subsequently, Ny-saturated and CO,-saturated toluene were
PSD
modulated. The phase-resolved spectra Af" (D) were then

calculated from the time-resolved spectra A(D,t) using the
following equation:

T
Af‘k’s[’(o) = %/0 A(D,t) sin(kat + OF°) dt

where the phase angle is denoted as @ESD, the modulation period is

denoted as T and kw refers to the demodulation frequency with
k=1 being the fundamental harmonic. The measurements were
performed using a Bruker Equinox 55 and an IFS 66 IR spectro-
meter equipped with a MCT detector and a home-made cell
described in detail elsewhere [61]. The detailed description of a
typical experiment can be found in [22].

2.5. Electron microscopy

STEM pictures were obtained using an electron microscope
(Tecnai F30 FEI; field emission cathode, operated at 300 keV, point
resolution <2 A) equipped with a high-angle annular dark field
(HAADF) detector for scanning transmission electron microscopy
(STEM) and an energy dispersive X-ray (EDX) detector. This
instrumentation is capable of detecting even very small metal
particles (<1 nm) by Z contrast and to analyze selected points by
EDX spectroscopy.

3. Results and discussion
3.1. Catalytic activity

In a previous study we have shown the importance of the Cu/Mg
molar ratio in the support for the aerobic oxidation of a variety of
structurally different alcohols [22]. Here we focus on the influence
of the molar ratio of the divalent ions (Cu, Mg) and the trivalent Al.
In agreement with our previous observations, the addition of Cu is
crucial. Various catalysts have been prepared and tested in the
aerobic oxidation of 1-phenylethanol to phenyl-methyl ketone, the
corresponding results are depicted in Fig. 1. A broad maximum is
found at specific (Cu + Mg)/Al molar ratios for the Au/Mg,Al Oy
catalysts as well as for the Au/Cu,Mg,Al.O, materials. Note that the
reaction on the gold catalysts supported on ternary Cu,Mg,Al.Oy
mixtures lead to higher yields compared to catalysts with a binary
or single component support indicating a concerted effect of the
constituents. Interestingly, the promotional effect of Cu (yield per
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Fig. 1. Yield of acetophenone in the aerobic oxidation of 1-phenylethanol at 90 °C
after areaction time of 1 h. Conditions are specified in the experimental part. The Cu
containing supports (black bars) all have an equal molar concentration of Cu and
Mg. The grey bars represent the Cu-free catalysts Au/MgAl.Oy. The (Mg + Cu)/Al
molar ratio is increasing from right to left, i.e. starting with Au/Al,O3, then Au/
Cu;Mg;Al;(0, and Au/Mg;Als0,; Au/Cu;Mg;Al40 and Au/Cu;Mg;Al40, and so on.

Cu added), is highest in the Cu;Mg;Al4O4-system having a spinel-
like composition.

3.2. XRD patterns

In order to retrieve further information about the crystal phases
present in the catalytic systems (Fig. 1) XRD patterns of the
samples were recorded. Fig. 2 indicates that a crystalline spinel
phase developed with increasing Al content, the patterns Au/
Mg, Al,0,, Au/Mg,Als0, and Au/Cu;Mg;Al;o0y are hardly discern-
ible (Figs. 2C and D and 3D). The dominating phase for the Cu
containing Au/Cu,Mg,Al.O, catalysts is CuO (Fig. 3) which gives
rise to strong reflections especially at high (Cu + Mg)/Al ratios and
is still discernible in the catalyst Au/Cu;Mg;Al,0,. At higher Al
contents a spinel phase with the general composition MAI,O4 is
formed with M being Cu, Mg or Cu¢;_,)Mg,.

3.3. Particle size

Gold was deposited on a ternary mixed oxide support of the
composition Cu;Mg,Al;0, in three different ways aiming at
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Fig. 2. XRD patterns of catalysts with different compositions: Au/MgsAl;0 (A), Au/
Mg3Al;0, (B), Au/Mg;AlL0, (C) and Au/Mg;AlsO, (D). Pattern B is shown for
comparison and has been taken from [62]. The symbols correspond to: (+) spinel
(Mg,Cu)Al;04; ([0) MgsAl(OH)15-4.5H,0; (O) Al03; (@) MgO.
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Fig. 3. XRD patterns of the catalysts with composition: Au/CusMgsAl,0, (A), Au/
Cu3Mg3Al, 04 (B), Au/Cu;Mg;Al40, (C) and Au/Cu;Mg,Al;004 (D). Pattern B is shown
for comparison and has been taken from [62]. Symbols correspond to: (+)
(Mg,Cu)Al,04 spinel; () CuO.

receiving catalysts with identical nominal composition but
different Au particle size. Previously performed XANES measure-
ments evidenced the presence of metallic gold under oxidizing
reaction conditions and indicated that zero-valent gold is the
active species in the catalytic dehydrogenation of alcohols [62].
The here chosen impregnation and subsequent calcinations at
400 °C (Tammann temperature 396 °C) was applied to prepare
catalysts with relatively large Au particles (mean diameter
~30 nm, Fig. 4). This catalyst only exhibited negligible activity
(yield 2%). In contrast, the catalysts prepared via gold colloids [52],
as well as the one prepared by deposition precipitation were highly
active in the aerobic oxidation of 1-phenyalethanol to phenyl-
methyl ketone with yields of 73.4% (colloidal route) and 85.1%
(deposition precipitation), respectively. A histogram derived from
the analysis of the corresponding STEM pictures (see Fig. 5) is
depicted in Fig. 4. Comparing the particles sizes (Fig. 4) it emerges
that the catalysts prepared by deposition precipitation exhibited a
mean particle diameter of ~9 nm (yield 85.1%) and the catalysts
prepared via the adsorption of Au colloids a mean diameter of
~2nm (yield 73.4%). These preliminary tests indicated that
contrary to the well-established particle size effect in the oxidation
of CO where small particles are much more efficient, for the aerobic
oxidation of 1-phenylethanol the activity does not increase with
smaller Au particles and seems to show an optimum at larger

Particle diameter d, (nm)
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&

:
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Fig. 4. Histograms of gold particle sizes resulting from different preparation
methods (black: impregnated, mean size ~30nm; dark grey: deposition
precipitation, mean size ~9 nm; light grey: colloids, mean size ~2.3 nm).
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Fig. 5. HAADF-STEM images of deposited Au colloids. Note that a corresponding
image of the catalyst prepared by deposition precipitation can be found in [22], the
image of the impregnated catalyst is not shown. Due to the Z-contrast in the
HAADF-STEM image, Au particles appear as bright spots (see arrows).

particle diameters. However, for a clearer picture of the influence
of the particle diameter a more detailed study is necessary using
preparation methods that allow a fine tuning of the Au particle
size, ideally in a range up to 15 nm. Investigations dealing with the
effect of particle size on activity and selectivity using one single
preparation route leading to different, narrow particles size distr-
ibutions are underway in our laboratory.

3.4. Retroaldolisation of diacetone alcohol DAA

A basic component plays a crucial role in the aerobic oxidation
of alcohols [14]. The base-catalyzed retroaldolisation of DAA to
acetone constitutes a test reaction that allows the semi-
quantitative assessment of basic centers under reaction condi-
tions [49-51]. In Fig. 6a, the influence of changing the molar
(Cu+Mg)/Al ratios on the retroaldolisation is depicted. A
significant increase in the conversion of DAA is found with
increasing Mg content (Fig. 6a, black bars). However, the
substitution of half the amount of Mg by Cu generally only lead
to a small drop in surface basicity. Note that also for the reference
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materials CeO, and TiO,, considerable activity in the decomposi-
tion of diacetone alcohol was observed (Fig. 6a). At a given
(Cu + Mg)/Al molar ratio of 3 (Fig. 6b), the effect of the Mg/Cu
molar ratio can be monitored. Again, the addition of Cu only
marginally influenced the basicity of the material. Comparing the
data obtained for the basic properties of the materials with the
yield obtained when using these materials as supports for Au
nanoparticles (Fig. 1) a similar trend, but not identical behavior is
observed. It is thus suggested that surface basicity is a necessary
but not sufficient prerequisite for a suitable support in the aerobic
oxidation of alcohols under the given conditions.

3.5. MES ATR-IR

For a more detailed picture of the surface basicity ATR-IR
experiments were performed monitoring the adsorption of CO,
from the liquid phase on the catalysts previously studied in the
retroaldolisation of DAA (Fig. 6a and b) and in the aerobic oxidation
of 1-phenylethanol to phenyl-methyl ketone (Fig. 1). Additional to
the conventionally recorded spectra after the adsorption of CO,,
modulation experiments were performed switching periodically
from CO,-saturated toluene to N,-saturated toluene hence
allowing a phase sensitive detection of the corresponding signals
and facilitating the interpretation of the complex spectra. Au/
Mg,Al.O, materials predominately showed signals in the regions of
1740-1600, 1325-1250 and 1000-980 cm™! (Fig. 7a) assigned to
carbonates bound as bidentate species similar to previous findings
with Au/MgsAl;0, and Au/CeO, catalysts [22]. A clear assignment
of bands attributed to carbonate formation is achieved by
comparing the corresponding in-phase angles (Fig. 7b) of all
bands in the carbonate region with the in-phase angle of dissolved
CO, (located at 2337 cm~!). Note that species affected by the
modulation of CO,-saturated toluene and N,-saturated toluene in a
similar way are expected to exhibit a similar in-phase angle.
Although the materials analyzed differed significantly in their
composition, similar patterns were obtained (Fig. 7b). For the
bands located in the regions ascribed to bidentate carbonates on
Mg sites the in-phase angle of the IR peaks closely follows the in-
phase angle obtained for dissolved CO, indicating that the spectral
intensities in these regions can be attributed directly to the
formation of carbonates. The Cu containing materials were
analyzed in an identical manner, however, showed clear differ-
ences in the carbonates resulting from CO, adsorption. Predomi-
nantly on the materials with a high Cu content (Fig. 8a, graphs C
and D), both bidentate and monodentate (1570-1340 and 1040-
1000 cm 1) carbonates were identified. Note that the modification
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Fig. 6. (a) Rate of retroaldolisation of 4-hydroxy-4-methyl-2-pentanone (diacetone alcohol, DAA) as a function of the (Mg + Cu)/Al molar ratio (Cu containing materials: black
bars, Cu-free materials: grey bars). Note that the Cu containing materials all possess a Mg/Cu molar ratio of 1, i.e. CusMgsAl>0y, Cu3sMg3Al,0,, Cu;Mg;Al,Ox and Cu;Mg;Al;Ox.
(b) The rate of retroaldolisation of 4-hydroxy-4-methyl-2-pentanone (diacetone alcohol, DAA) as a function of the Cu content at a given (Mg + Cu)/Al molar ratio of 3, e.g. the

sample depicted at the Mg/Cu molar ratio of 2:1 has the composition Cu,Mg;Al;Oy.
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Fig. 7. (a) In-phase spectra recorded during CO, adsorption followed by MES ATR-IR
experiments for the materials Au/Mg;AlsOy (A, black), Au/Mg,Al,Oy (B, dark grey),
Au/MgsAl; 0y (C, grey) and Au/MgsAl, O, (D, light grey). Note that the pattern C was
taken from [22] for comparison. (b) Corresponding graphs showing the in-phase
angle @™P, the letter code is identical to (a). Note that species appearing at the same
time of the modulation period exhibit similar in-phase angles.
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Fig. 8. (a) In-phase spectra recorded during CO, adsorption followed by MES ATR-IR
experiments for the materials Au/Cu;Mg;Al;O0x (A, black), Au/Cu;Mg;Al4O, (B, dark
grey), Au/CusMgsAlL,0, (C, grey) and Au/CusMgsAl,O, (D, light grey). (b)
Corresponding graphs showing the in-phase angle ®"P, the letter code is
identical to (a). Note that species appearing at the same time of the modulation
period exhibit similar in-phase angles.

of CeO, with CuO also lead to an increase in the formation of
monodentate carbonates [22]. With increasing Al content (lower
Cu and Mg content) the amount of monodentate carbonates
decreased. Again, the corresponding in-phase ®"P graphs clarify
the presence (or absence) of monodentate carbonate species. On
the sample with a high Cu content (Fig. 8b, graphs Cand D), and to a
lesser extent on the Au/Cu;Mg;Al4O, (Fig. 8b, graph B), the in-
phase angle of the spectral intensities in the region of 1570-
1340cm~! resembles the in-phase angle of dissolved CO,
indicating a direct connection of these spectral intensities.
Unexpectedly, the value of the in-phase angle was also affected
in the region from 1250 to 1040 cm~! by the modulation
experiments. However, these effects become less pronounced on
the samples having a lower Cu content, the spectra and the in-
phase @"P graphs obtained for these materials are similar to the
data obtained for the corresponding Cu-free analogs. In order to
extend the study from Cu-Mg-Al containing mixed oxides to
single oxides, MES ATR-IR experiments were performed with Au/
CeO; [21] and Au/TiO, [19] catalysts (Fig. 9a). It is observed that
both samples adsorb CO, well, showing strong signals at
v =1600 cm™! attributed to bidentate carbonate species. However,
signals are also observed in the region from 1570 to 1340 cm™! as
well shown in the in-phase ®™P graphs (Fig. 9b). As observed
previously for CeO,, also TiO, seems to possess basic surface
centers able to bind CO,.

A comparison of the results obtained from MES ATR-IR
measurements combined with phase sensitive detection of the
spectral intensities with the results obtained from the retro-
aldolisation of diacetone alcohol reveals interesting similarities.
The higher the (Mg + Cu) content in the catalysts, the more active
were the materials in the decomposition of diacetone alcohol and
the more intense the carbonate IR-peaks appear in the IR spectra
(Fig. 8a, graphs C and D). On the contrary, a higher Al content leads
to lower conversion in the retroaldolisation of DAA. The in-phase
®™P graphs (Fig. 8b, graphs A and B) of Cu;Mg;Al4O, and
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Fig. 9. (a) In-phase spectra recorded during CO, adsorption followed by MES ATR-IR
experiments for Au/CeO, (A, dark grey) and Au/TiO, (B, light grey). (b)
Corresponding graphs plotting the PSD angle @"™P, the letter code is identical to
(a). Note that species appearing at the same time of the modulation period exhibit
similar in-phase angles.



354 P. Haider et al./Catalysis Today 141 (2009) 349-354

Cu;Mg;Al1(0, exhibit similarity with the corresponding Cu-
free analogs Mg;Al,0, and Mg;Als0, (Fig. 7b, graphs A and B) -
monodentate species are only found to a lesser extent - and also in
the retroaldolisation of DAA, the differences in the basicity of
Cu,Mg,Al,0,/Mg;Al,0, and Cu;Mg,Al;0,0,/Mg,AlsO, (Fig. 6a) are
comparably small.

4. Conclusions

Subtle differences in the surface chemistry of flame-derived
mixed oxide supports containing Cu, Mg, and Al employed as
supports in the gold-catalyzed aerobic oxidation of 1-phenylethanol
to phenyl-methyl ketone have been elucidated by CO, adsorption
studies using ATR-IR and retroaldolisation of diacetone alcohol. ATR-
IR spectroscopy combined with the MES approach allowed the
distinction of the different population of mono- and bidentate
carbonate species, for Cu-Mg-Al mixed oxides as well as for the
single oxide supports such as CeO, and TiO,. On Mg- and Al-rich
supports, predominantly bidentate carbonate species were formed
contrary to Cu-rich systems where bidentate and monodentate
species could be clearly identified. The base-catalyzed decomposi-
tion of diacetone alcohol was considered as a test reaction in order to
determine the relative basicity of the surface of the mixed
(Cu,Mg,Al.O,) and single oxides (CeO,, TiO,) on a semi-quantitative
level. Ceria and titania were found to exhibit considerable activity in
the decomposition of diacetone alcohol. The results of the Cu-rich
supports indicate that the addition of Cu to the Mg,Al.O, systems
only leads to a small decrease in surface basicity.

A strong dependence of the catalytic performance on both the
Cu content and the (Mg + Cu)/Al ratios was found: catalysts with a
high Cu content showed higher catalytic activity in the oxidation of
1-phenylethanol compared to catalysts with a high Al content. On
the materials with a high Cu content, bidentate and monodentate
carbonates were identified and these mixed oxides showed also
higher activity in the decomposition of diacetone alcohol,
compared to materials with a high Al content, where monodentate
carbonates could not be identified. It is concluded that under the
given conditions (pressure, solvent, substrate, etc.) appropriate
support basicity is crucial but not sufficient for efficient gold-
catalyzed aerobic oxidation of 1-phenylethanol.

Preliminary investigations regarding the influence of the gold
particle size indicated that - in contrast to CO oxidation - small
gold particles (ca. 2 nm) seem to be less favorable for high activity
than larger ones (ca. 9 nm). However, for a final assessment
concerning the particle size effect of the gold-catalyzed aerobic
oxidation improved preparation methods have to be developed
that allow size-controlled synthesis of gold particles with a narrow
size distribution. Research towards this aim is currently pursued in
our laboratory.
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