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Abstract

Gold nanoparticles were deposited on mixed oxides containing Cu, Mg, and Al in different ratios. The mixed-oxide supports were prepared
by flame spray pyrolysis (FSP), resulting in agglomerated primary nanoparticles in the 10-15 nm range, onto which 6- to 9-nm gold particles
were deposited by means of deposition—precipitation. The mixed-oxide-supported Au catalysts with noble metal loading of 0.6 + 0.17 wt% were
investigated concerning their structural properties and tested in the aerobic liquid-phase oxidation of 1-phenylethanol to phenyl-methyl ketone
affording TOFs up to 1300 h~!. The catalytic tests showed that the activity of these catalysts depends strongly on the composition of the support,
with Cu and Mg being crucial components. Strongly enhanced catalytic activity was observed for gold supported on a ternary mixed oxide
containing Cu, Mg, and Al at the molar ratio of 5:1:2. Extension of the catalytic tests to various structurally different alcohols indicated that the
ternary mixed-oxide-supported gold catalyst has excellent catalytic properties in the aerobic oxidation of a broad range of structurally different
alcohols, affording selectivities >98%. XANES revealed both reduced and oxidized Au species on the ternary mixed-oxide supports before and
after the reaction. CO, adsorption from the liquid phase combined with in situ ATR-IR and modulation excitation spectroscopy was applied to
investigate differences in the basic surface properties of the mixed oxides. Monodentate and bidentate carbonates were identified, the former being
dominant on ternary Cu-containing supports.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction alyst was tested for 70 days and demonstrated no loss of activity
[16,17].
Gold-based catalysts can be used in various important re- It has been shown that the rate-limiting step for the oxidation

actions (see, e.g., [1] and references therein), including (pref- of alcohols on various noble metals is a dehydrogenation step.

erential) CO oxidation of CO [2-5], synthesis of H,O, [6], Detailed investigations into this aspect hal.ve been preYiously
performed by our group [18,19]. A base is often required to

facilitate the dehydrogenation step, which can be alternatively
achieved using basic mixed-oxide supports [20,21]. Supports
with a Mg/Al molar ratio of 3:1 have been shown to be op-
timal for dehydrogenation reactions [22] and thus are used as
supports for Au nanoparticles.

More recently, Au/CeO;, [23] and Auw/TiO, [24,25] have
been proposed as catalysts for the oxidation of various aro-
matic and aliphatic alcohols achieving high turnover frequen-

* Corresponding author. cies (TOFs). Improved selectivity was achieved by applying

E-mail address: baiker@chem.ethz.ch (A. Baiker). supported alloyed Au/Pd particles. The promotional effect of

partial oxidation of alkenes [7], epoxidation of propylene [8,9],
and oxidation of alcohols with O,. Supported Au catalysts and
“naked” gold particles were reported to achieve high conver-
sion and selectivity in the oxidation of various diols [10-12]
and glucose [13-15]. Recently, the potential of using Au as an
oxidation catalyst for the continuous oxidation of glucose was
studied; in a long-term experiment, a low-loaded Au/Al,O3 cat-
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alloying has also been described for unsupported alloyed Au
particles in the oxidation of glucose [26]. The oxidation of an
aqueous ethanol solution has been successfully performed on
Au deposited on an MgAl;O4 spinel [27].

To the best of our knowledge, mixed oxides based on Cu,
Mg, and Al have not yet been investigated as supports of Au
nanoparticles in catalytic oxidation. Intrigued by the activity
of hydrotalcites and hydrotalcite-like materials for dehydro-
genation reactions at elevated temperatures [21,22] and by the
beneficial effect of Cu on catalytic activity [28], we prepared a
series of binary CuAl- and MgAl- and ternary CuMgAl-mixed-
oxide supports by flame spray pyrolysis (FSP). The present
work focused on exploring the potential of these materials in
the gold-catalyzed aerobic oxidation of various structurally dif-
ferent alcohols.

2. Experimental
2.1. Preparation of supports and catalysts

The ternary Cu,Mg,Al.O; and binary Mg3Al;0, and
Cu3Al;O, mixed-oxide supports! were prepared by FSP. In
the notation Cu,Mg,Al.O,, the subscripts a, b, and c in-
dicate the molar ratio of Cu:Mg:Al = a:b:c. A detailed de-
scription of the experimental setup and the procedure applied
has been provided previously [29,30]. In a typical experiment,
the solution (a 2:1 v/v mixture of acetic acid and methanol)
containing the precursors Al(CsH703)3, Cu(NO3),-3H,0, and
Mg(NO3)7-6H;0 in the desired concentrations was fed with a
syringe pump (6 mL/min) into the spray nozzle and dispersed
with oxygen. The total concentration of metal ions in the feed
was 0.5 mol/L. Binary 20 wt% CuO/CeO; used to explore the
promoting action of copper was prepared accordingly but from
corresponding nitrates as precursor salts. The pressure drop was
set to a constant value of 1 bar at the nozzle tip, and the oxygen
flow rate (5 L/min) was controlled with a mass flow controller.
The aerosol was ignited by a small flame ring issuing from an
annular gap (0.15 mm spacing, 6 mm radius). The gas flow
rate of this premixed oxygen/methane supporting flame was
1.75 L/min (0.75 L/min CH4 and 1 L/min O3). Powder col-
lection was performed with a glass fiber filter using a vacuum
pump. Reference supports applied were CeO,, purchased from
MCT Microcoating Technologies, and TiOy (P25), purchased
from Degussa. Both supports were used as received from the
suppliers.

Gold was deposited on the different binary and ternary
mixed-oxide supports by deposition—precipitation following a
procedure reported by Haruta [2]. Typically, about 1 g of the
well-grinded support was suspended in 80 mL of deionized
water and brought to pH 9-11 with freshly prepared 0.2 N
NaOH. The corresponding volume of HAuCly solution con-
taining the desired amount of Au was taken out of a stock
solution, poured into 20 mL of deionized water, and brought

1 Note that the support contained significant amounts of carbonates due to the
high partial pressure of CO; in the quenching zone of the flame, favoring the
formation of carbonates.

to pH 9-11 with 0.2 N NaOH. The Au precursor was stirred
for 15 min, which resulted in almost total disappearance of the
yellow color, and then mixed with the suspension of the sup-
port. After stirring, the catalyst was filtered off and washed
extensively with deionized water until no traces of CI™ could
be detected (AgNOs test). The catalyst was dried for 18 h at
80 °C and used without further pretreatment. The nominal gold
content of the mixed-oxide-supported catalysts was 1 wt%, but
because of some loss during preparation, the final Au content
was 0.6 £ 0.17 wt%, depending on the support. Au/TiO, was
prepared by impregnation of TiO, with HAuCly and calcination
at 400 °C for 4 h. Other reference catalysts used were 5 wt%
Pd/Al,O3, supplied by Johnson Matthey, and a corresponding
0.75 wt% Bi-promoted Pd catalyst prepared according to recipe
reported previously [31,32].

2.2. Catalyst properties

Nitrogen adsorption experiments were carried out at 77.3 K
on a Micrometrics ASAP 2000 instrument using the BET and
BJH methods. Before measurements, samples were outgassed
at 423 K under vacuum conditions. Elemental analysis was per-
formed using laser ablation ion-coupled plasma mass spectrom-
etry. Ablation was performed using an excimer laser (Lambda
Physik Compex 110 I; ArF, 193 nm; pulse energy, 150 mJ; fre-
quency, 10 Hz) with a spot diameter of 40 um. The resulting
sample aerosol was carried by a helium stream into a mass spec-
trometer (Perkin-Elmer Elan 6100); calibration was performed
using NIST 610 standards. (Further details about the instrumen-
tation are available elsewhere [33,34].) As a complementary
method, atomic adsorption spectrometry, using a Varian 220FS
device, was used to determine the Au content. Au was leached
from the catalysts using aqua regia (typically 10 mg of catalyst
in 5-10 mL of aqua regia) and injected into a CoH»/O, flame.
Calibration was performed by diluting an Au standard to the
desired concentrations. The gold content of the mixed-oxide-
supported catalysts was 0.6 &= 0.17 wt%. All TOF calculations
were based on 0.6 wt% Au, thus representing conservative esti-
mates.

For transmission electron microscopy (TEM) investigations,
a suspension of the flame-made material in ethanol was de-
posited onto a carbon-coated copper grid. The microscope
(Tecnai F30 FEI, with a field emission cathode, operating at
300 keV, with a point resolution of <2 A) was also equipped
with a high-angle annular dark field (HAADF) detector for
scanning transmission electron microscopy (STEM) and an en-
ergy-dispersive X-ray (EDX) detector. This instrumentation is
capable of detecting even very small metal particles (<1 nm)
by Z contrast and of analyzing selected points by EDX spec-
troscopy.

2.3. Catalytic tests

Catalytic tests were performed at 90 °C using 50 mg of
each catalyst and 2 mmol 1-phenylethanol in 2 mL of mesity-
lene as a test substrate. To achieve a similar substrate-to-noble
metal ratio for the Pd-containing catalysts, the conditions were
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changed slightly to 10 mg of catalyst and 7 mmol of 1-phen-
ylethanol. Oxygen (50 mL/min) was bubbled through the vig-
orously stirred liquid at atmospheric pressure. The flow was
regulated by a mass flow controller. Samples were taken dur-
ing and at the end of every experiment, filtered, and diluted
with isopropanol for subsequent gas chromatography analysis
(Thermo Quest Trace 2000 using a HP-FFAP capillary column
and a flame ionization detector). Tetradecane or ethylene glycol
diacetate was added as an internal standard in all reactions. Av-
erage TOFs (site-time yields) were calculated based on all Au
atoms contained in the catalysts at full conversion [35],

NROH

TOF = .
NAy X I

The selectivity was calculated according to

Nproduct

S(%) = x 100%,

Nconverted

that is, the percentage of the desired product among all con-
verted molecules. The duration of each experiment is indicated
in Table 1. Note that for the Bi (0.75 wt%)-promoted 5 wt%
Pd/Al,O3 catalyst, only the Pd loading was taken into consid-
eration when calculating the TOF. Linear fits in the Hammett
plot were obtained from the algorithm implemented in Origin
software, version 7.03 (OriginLab Corp.).

Alcohols used for test reactions were 1-phenylethanol (99%,
Aldrich), benzyl alcohol (99%, Fluka), 4-nitrobenzyl alco-
hol (99%, Acros), 4-methylbenzyl alcohol (99%, ABCR), 4-
chlorobenzyl alcohol (99%, Acros), 4-tert-butyl benzyl alcohol
(99%, Merck), cyclohexanol (99%, Fluka), o-methyl-cyclo-
hexanol (99%, Acros), 4-methyl-cyclohexanol (99%, ABCR),
cinnamyl alcohol (97%, Fluka), 4-methoxybenzyl alcohol
(98%, Acros), 1-(4-chlorophenyl)ethanol (98%, Aldrich), 1-
phenyl-1-propanol (97%, Aldrich), 2-phenyl-1-propanol (97%,
Acros), 3-phenyl-1-propanol (98%, Fluka), 9-fluorenol (98%,
Lancaster), 1-octanol and 3-octanol (99%+-, Acros), geraniol
(98%, ABCR), and citronellol (96%, ABCR). Mesitylene (99%,
Acros/Fluka) was used as a solvent, and tetradecane (99%,
Fluka) and ethylene glycol diacetate (99%, Aldrich) served as
internal standards.

2.4. CO;3 adsorption combined with modulation excitation
spectroscopy ATR-IR spectroscopy

CO» was used as a probe molecule to characterize the basic
properties of the mixed-oxide-supported Au catalysts. Species
were identified using ATR-IR spectroscopy combined with
modulation excitation spectroscopy (MES) [36-38], with the
system periodically modulated/disturbed by changing a vari-
able of interest within a modulation frequency in the range
of mHz. A system perturbed with a certain frequency will
respond at the modulation frequency (or higher harmonics
thereof) and possibly exhibit a phase lag in the response [39].
The phase-resolved spectra were then calculated from the time-
resolved spectra using the following equation:

T
2
(0) = ?[A(D,t)sin(kwt +@FSP)dr,
0

PSD
(pk

Ay

- . . ors
where A(D, ¢) is the time-resolved ATR spectrum, A, k
¢£‘SD

D

(D) is
the phase-resolved spectrum, and is the phase angle. For
<D}:SD = 0°, the spectrum is referred to as the in-phase spec-
trum; for q),l:SD = 90°, it is called the out-of-phase spectrum.
T is the modulation period, and kw refers to the demodulation
frequency, with kK = 1 being the fundamental and k > 1 being
the higher harmonics.

The measurements were performed using a Bruker Equinox

55 IR spectrometer equipped with a MCT detector and a home-
made cell as described in detail elsewhere [40]. The catalyst
(2-4 mg) was suspended in water and deposited on the ZnSe
crystal. In a typical experiment, toluene was saturated with
the desired gases and pumped through the cell using a peri-
staltic pump (ISMATEC ISM827) at a rate of 0.56 mL/min.
First, Np-saturated toluene was pumped through the measure-
ment cell at 80 °C for 90 min before adsorbing CO, by flowing
CO;-saturated toluene for 60 min. After this period, the modu-
lation experiments were started. The modulation periods ranged
from 408.3 to 1633.2 s, depending on the catalytic system. One
stimulation period was composed of 60 spectra obtained by
co-adding 50-200 scans. Generally, 6-8 stimulation periods,
depending on the modulation period, were recorded, with the
first three periods not used for data acquisition [39]. All spectra
presented here were demodulated at the fundamental frequency,
thatis, k =1.

2.5. XANES experiments

Ex situ XANES spectra were recorded at ANKA (For-
schungszentrum Karlsruhe; 2.5 GeV; 130 mA injection current;
ANKA-XAS beamline) using a Si(111) double-crystal mono-
chromator detuned to about 60% of the maximum intensity. An
ionization chamber was used to determine the incoming X-ray
intensity. Due to the low loading of the noble metals, the exper-
iments were performed in fluorescence mode. A five-element
Ge solid-state detector (Canberra) was applied to measure the
fluorescence X-rays of the Au L alpha fluorescence line as func-
tion of the excitation energy. For this purpose, the sample was
pressed as a pellet and positioned in a 45° angle in the beam.
Cr filters were used to minimize the fluorescence X-rays of the
matrix [41].

3. Results and discussion
3.1. Syntheses and characterization of the materials

The binary (CuAl, MgAl) and ternary (CuMgAl) mixed-
oxide supports were prepared by means of FSP. There are nu-
merous parameters affecting the homogeneity, size, morphol-
ogy, and crystallinity of the materials obtained by this synthe-
sis method. However, certain key parameters like the enthalpy
density in the flame (kJ/ggas) have been identified. Moreover,
the so-called equivalence ratio (8, Eq. (1)) with rgxidant and
Nfyel representing the molar fluxes of the oxidant O, and the
fuel, respectively, was found to affect the product formed in the
flame [30,42,43]. For the preparation of the mixed-oxide sup-
ports, a high enthalpy density of 11.8 kJ/ggas together with an



—_—

78

P. Haider, A. Baiker / Journal of Catalysis 248 (2007) 175-187

Table 1
Catalytic data obtained from the oxidation of various alcohols
Reactant Product Time Yield Selectivity TOF Substrate/Au
(h) (%) (%) ) molar ratio
OH 0
©)\ ©)‘\ 1 99 >99 1294 1306
OH 0
Cl Cl
OH 0]
©/]\/ ©)k/ 2 98 >99 527 1078
X A e N
O/\/\OH ©/\/\O 2 >99 99 243 484
4 36 99 20 220
OH (0]
OH o
4 38 >99 20 212
CHO
OH
©/\ O/ 3 98 >99 130 397
CHO
OH
/O/\ /O/ 4 98 >99 129 528
CHO
OH
1 99 >99 333 336
CHO
OH
1,5 99 >99 387 587
\O \O
OH o
1 >99 >99 98 98
NO; NO;
OH \o
2 >99 99 47 93
Cl Cl
OH 0
@ é 1 74 >99 166 225
OH (0]
¢ ¢ 1 93 >99 147 158
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Table 1 (continued)

Reactant Product Time Yield Selectivity TOF Substrate/Au
(h) (%) (%) 1 molar ratio
O.Q O.Q 1 >99 99 421 421
OH o}
OH 0}
3
OH 0]
W 2 36 98 28 152
MOH \ \O
NN o NN 3 34 98 11 95

Note. Average TOFs (site-time yields) are calculated based on the total amount of Au present in the sample, thus representing conservative estimates. Conditions:
90°C, 50 mL/min Oy, 50 mg catalyst, 2 mL mesitylene. Substrate/Au molar ratios are indicated in the table.

equivalence ratio of § & (.86 was chosen to meet the proposed
conditions

(’:quidanl ) chi .
/3 _ nfyel / stoichiometric (1)

(’;’qxidam )
Nfuel /real

Fig. 1 shows adsorption—desorption isotherms of some
flame-derived binary and ternary mixed oxides and their cor-
responding differential pore size distributions. This type of
isotherm was typical for all flame-derived mixed oxides in-
vestigated. A slight hysteresis was observed at higher relative
pressures due to the interparticle void space between the ag-
glomerated particles. The BET surface area was ca. 81 m? /g for
the ternary CusMg;Al,O, support and the binary CuzAl; Oy
material, while the Mg3zAl; O, support exhibited a larger sur-
face area of 109 m?/g. The pore size distributions indicate
that the flame-made particles had only slight porosity due to
some small pores in the micropore and lower-mesopore range
(the micropore area determined from the ¢-plot never exceeded
12 m?/g). Thus, we conclude that despite wide variety of chem-
ical compositions, the mixed oxides had similar textural prop-
erties.

Representative TEM images of the structure of the Au-
free ternary mixed-oxide support (CusMg;Al,O,) are shown
in Fig. 2 (top). The support exhibited a narrow particle size dis-
tribution with primary particle sizes in the 10-15 nm range. No
larger particles were observed in all TEM images recorded. The
support was mostly amorphous, but some crystalline regions
were also discernible.

The size of the gold particles deposited on the ternary
mixed-oxide support was in the range of 6-9 nm as measured
by HAADF-STEM (Fig. 2, bottom). Most of the gold parti-
cles were spherical-shaped, but some irregular-shaped particles
were also identified. Although different supports are known
to lead to different particle sizes at the same gold loading,
the particle dimensions reported here are in good agreement

with the literature data [10,11,14,44,45]. Larger Au particles
(mean diameter ca. 25 nm) [46] and even larger AuPd parti-
cles (>60 nm) [24] also have been reported. Interestingly, we
found that the deposition of smaller Au particles via a colloidal
route previously used in our group [4,5] yielded less active
catalysts than those obtained by deposition—precipitation. How-
ever, a conclusive statement regarding the influence of particle
size on activity awaits further investigations with preparation
procedures leading to very narrow and tunable particle size dis-
tributions. Studies in this regard are currently underway in our
laboratory.

Elemental mapping was performed using HAADF-STEM,
which allows the detection of heavy elements (Au) in a ma-
trix of the lighter elements like Cu, Mg, or Al. To unambigu-
ously assign the gray scales to the corresponding elements,
three small areas were analyzed with the EDX technique. Fig. 3
shows a few very bright spots attributed to Au particles, along
with large areas exhibiting different gray scales ascribed to
well-dispersed nonaggregated Cu, Mg, and Al.

To gain some information about the oxidation state of Au
in the ternary mixed-oxide-supported catalysts, XANES spec-
tra were recorded. Due to interference of Cu (Cu K-edge,
8979 eV) and Au (Au Lz-edge, 11919 eV), a sample with lower
Cu content (Au/CuzMgzAl,O,) was analyzed by fluorescence
XANES (Fig. 4). Both the fresh and the used catalyst were an-
alyzed without further pretreatment, and both exhibited large,
intense white lines. In the Au/CusMg3Al0, catalyst, a sig-
nificant amount of Au was found in the oxidized state; even
after reaction, a considerable amount of Au was still in a Au”"
oxidation state. The observed white line was too intense to be
caused by ligand or size effects that have been described for
Au nanoparticles in the 1.6- to 4-nm range [47] and for smaller
Au clusters down to 11 atoms [48]. Comparing our spectra with
those reported previously [47-49] leads us to confidently con-
clude that the high intensity of the white line is due to the
oxidation state, not to other effects. Moreover, the correspond-
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Fig. 1. Nitrogen adsorption—desorption isotherm of flame-synthesized ternary (CusMgj Al,Oy) and binary (Mg3 Al; Oy and Cu3zAl; Oy ) mixed-oxide supports (left).
The corresponding differential pore size distributions calculated from the desorption isotherms are shown on the right.

ing post-edge pattern has not been transformed into the pattern
observed for metallic gold, as was the case for the Au/CeO,
system.

Note that unlike other metals, the XANES spectra at the Au
L3-edge exhibit an apparent shift in the position of the main
edge of Au’t (d®) toward lower energies with respect to Au’
[50,51], due to an overlap of a very intense pre-edge feature
and the actual edge itself [52]. This effect does not appear when
the Au L;-edge is monitored [53]. Further investigations deal-
ing with in situ experiments of these two systems are currently
underway to gain deeper insight into the active Au species in
alcohol oxidation.

3.2. Catalytic behavior

The effect of the composition of the support on the catalytic
performance of the mixed-oxide-supported Au catalysts in the
oxidation of 1-phenylethanol is shown in Fig. 5. Note that all
supports had the same (Cu + Mg)/Al molar ratio of 3:1 but dif-
ferent Cu/Mg molar ratios. A maximum phenyl-methyl ketone
yield was observed for samples with a molar ratio Cu/Mg =
5:1, indicating that both components contribute to enhanced ac-
tivity. With all samples, no significant byproduct formation was
observed. Note that the reaction also proceeded with the binary
Mg3Al; O, and CuzAl; O, supports, but at much lower reaction



P. Haider, A. Baiker / Journal of Catalysis 248 (2007) 175-187 181

Fig. 2. Top: structural properties of ternary mixed oxide CusMgAl,Oy as
observed by TEM; bottom: HAADF-STEM investigation of corresponding
gold-loaded catalyst Au/CusMg;Al,Oy. Au particles in the size range of
6-9 nm are discernible. Au particles are bright in the HAADF-STEM image
(Z contrast).

rates, indicating a synergistic effect of these promoting compo-
nents. The pure supports contained ionic Cu’" as determined
by means of XANES (spectra not shown). All Au-free Mg-
containing supports were virtually inactive, whereas CuzAl; O
showed slight activity (ca. 2% yield).

The activity of the Au/CusMg;Al,O, catalyst was com-
pared with that of other Au- and Pd-based reference catalysts.
The binary mixed-oxide-supported Au/Mg3zAl;O, exhibited
activity similar to that of Pd/Al;O3 and Au/CeO;, which were
previously reported to be active catalysts for the oxidation of
alcohols. The Au/CeO; catalyst based on a commercially avail-
able CeO, reached an average TOF—5n) = 526 h~! com-
parable to that observed previously at similar conditions [23].
However, replacement of some of the Mg by Cu (ternary mixed
oxide) led to a dramatic increase in the catalytic activity, reach-
ing the performance of Bi-promoted Pd/Al,O3 (Fig. 6) [54,55].

To gain some information on the scope of application of the
most active Au/Cu,Mg,Al.O, catalyst (Au/CusMg;AlLO,),
the oxidation of various structurally different alcohols was
tested. The catalytic results summarized in Table 1 indicate
a high versatility of the ternary mixed-oxide-supported gold
catalyst. The oxidation of activated alcohols that allow stabi-
lization of the adsorbed alkoxy-species showed high average
TOFs, ranging up to 1296 h™! for 1-phenylethanol. The other
aromatic alcohols had TOFs ranging from 47 to 387 h™!, de-
pending on the substituents. Electron-withdrawing groups like
chloro- and nitro-groups led to a decrease in activity, as did 1-
(4-chlorophenyl)-ethanol, 4-chloro benzylalcohol, and 4-nitro
benzylalcohol, whereas electron-donating groups like methyl-,
tert-butyl-, and methoxy-groups afforded higher TOFs. Note
that the catalyst activity for most aliphatic alcohols was one
order of magnitude lower compared with aromatic alcohols.
Secondary aliphatic alcohols showed a higher TOF compared
with primary aliphatic alcohols, with surprisingly high TOFs
for 3-octanol, cyclohexanol, and 4-methyl cyclohexanol [18].
However, with longer reaction time (higher conversion), for-
mation of some unidentified byproducts was observed when
the cyclohexanol derivatives were used as a substrate. Inter-
estingly, the formation of byproducts like the corresponding
esters was detected only when the reaction was continued after
the conversion reached 100%; for example, in the case of ben-
zyl alcohol, traces of benzylbenzoate were found under these
conditions. The high activity achieved with the sterically de-
manding substrate 9-fluorenol resembles the values determined
for other aromatic systems—except for the even higher activ-
ity observed in 1-phenylethanol oxidation. This indicates good
accessibility of the active sites of the catalyst even for bulky
substrates.

Table 2 compares the catalytic performance of the most
active ternary mixed-oxide-supported gold catalyst with that
reported for other catalysts in the aerobic oxidation of 1-
phenylethanol and cinnamyl alcohol. Although the experimen-
tal conditions used in the various studies deviate somehow,
a rough comparison is possible. Note that comparisons of TOF
and selectivity for different catalysts must be made at simi-
lar conversion. Recently, very high TOF values were reported
[24,45], albeit at relatively high temperatures. Au/CeO, [45]
and PdAu/TiO; [24] afforded high TOFs in the solventless ox-
idation of 1-phenylethanol at 160 °C (Table 2). For Pd-free
Au/TiO> a TOF,—gs5p of 213 h™! (373 K) in the oxidation
of benzyl alcohol was reported, which is considerably lower
than that observed in the present work (TOF,;= = 316 h!;
363 K) [24]. Table 2 shows that all Au-containing catalysts
had superior activity to that of Pt-group metals. A similar
tendency was observed for the oxidation of cinnamyl alco-
hol.

Fig. 7 shows a Hammett plot derived from the catalytic data
obtained for para-substituted alcohols with -NO,, —Cl, —CH3,
and —OCHj3 groups. The experimental data are plotted versus
the substituent coefficients o and o . A worse fit (R? = 0.90,
dashed line) was obtained when ot was used instead of o
(R2 = 0.97, solid line), indicating that no electron defect in-
termediate (e.g., carbocation) took part in the mechanism and
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Fig. 4. XANES spectra of (A) Au/CuzMg3Al, Oy and (B) Au/CeO;. Spectra of fresh (solid lines) and spent catalysts (dashed lines) are shown.

that the mechanism is not a function of the substituents [56].
The increase of the reaction rate for electron-donating groups
indicates that a dehydrogenation (S-hydride elimination) is the
rate-limiting step. The negative value obtained (p = —0.72) is
in good agreement with results obtained in the aerobic oxida-
tion of alcohols using different alcohols [57,58].

3.3. CO; adsorption

As mentioned in Section 1, a base is frequently added to the
reaction mixture in the catalytic aerobic oxidation of alcohols to
facilitate the dehydrogenation step. ATR-IR spectroscopy was
used to relate the (basic) surface properties of the catalytic ma-
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Table 2

Comparison of the catalytic performance of the ternary mixed-oxide-supported gold catalyst Au/CusMg Alo Oy with that of other catalysts employed in the aerobic
oxidation of alcohols (1-phenylalcohol to acetophenone, cinnamyl alcohol to cinnamyl aldehyde)

Catalyst 1-Phenylethanol, Selectivity Temperature Solvent Reference
TOF (h~1) (%) X
Au/CusMg Al Oy 11,748 >99 433 None This work
PdAu/TiO, 269,000 - 433 None [24]
Au/CeO) 12,500 >99 433 None [23]
Ru/Al, O3 40 >99 313 PhCF3 [64]
Ru/Al, 03 430 >99 423 None [64]
Pd/hydroxyapatite 9800 - 433 None [65]
Pd/hydroxyapatite 495 98 363 PhCF3 [65]
Pt-Bi/Al, O3 340 >99 333 H5O + detergent [66]
Cinnamy! alcohol,
TOF (h~ 1)
Au/CusMg Al Oy 243 99 363 Mesitylene This work
PdAu/TiOy 97 100 363 None [24]
Ru/Al, 03 27 98 356 PhCF3 [64]
Pt-Bi/Al; O3 144 >99 313 H,O + detergent [32]
mol% Cu I
10 15 20 25 30 35 40
100+
/'/.-————-\ \
80- \
X 60 \
o ‘\
2 404
=
20 [ . mol% Mg __ .
0 30 25 20 15 10 5 D

54 21 11 12 135 01
Mg/Cu molar ratio

Fig. 5. Yield of phenyl-methyl ketone in aerobic oxidation of 1-phenylethanol
over gold deposited on mixed-oxide supports containing different amounts of
Cu, Mg, and Al. Supports vary in Mg/Cu molar ratio, while the molar ratio
(Mg + Cu)/Al = 3 is constant. Conditions: 90 °C, 50 mg catalyst, 2 mmol
1-phenylethanol; formation of byproducts was not observed.
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Au/CuMg ALLO
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Yield at t=1h/ %

100

Fig. 6. Comparison of the catalytic behavior of Au/CusMg; Al,Oy with various
reference catalysts in the oxidation of 1-phenylethanol. Yield of phenyl-methyl
ketone after 1 h. Note that the noble metal loading was 0.6 &= 0.17 wt% except
for 1.5 wt% Au/TiO; and 5 wt% Pd/Al,O3. The Bi loading in Pd-Bi/Al,O3
was 0.75 wt%. Conditions: 90 °C, 50 mg catalyst, 2 mmol, 1-phenylethanol;
formation of byproducts was not observed.
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Fig. 7. Hammett plot obtained from the catalytic data of para-substituted ben-
zyl alcohols. The o (full circles) and o7 values (open squares) were taken
from [56]. The data obtained for the fit was p = —0.72 (R2 = 0.97) for
the least-square fit versus o (solid line) and p = —0.50 (R2 =0.90) for the
least-square fit versus o1 (dashed line).

terials presented here to the catalytic performance. CO, adsorp-
tion from the liquid phase was studied with the aim of gaining
information about the basic sites and their dependence on the
support composition. The adsorption of CO; resulted in the for-
mation of carbonates.

Decreasing the symmetry causes a split in the asymmetric
CO stretching [59]. The magnitude of the splitting depends
strongly on the binding of the carbonate (e.g., monodentate
or bidentate). Whereas symmetric carbonates do not exhibit
splitting in the asymmetric CO stretching, monodentate species
show Av = 100 cm™! and bidentate carbonates show Av =
300 cm~!. Along with the type of carbonate present, the polar-
ization and metal bonding [59,60] strongly affect the magnitude
of the splitting, with the polarization representing the dominant
contribution [61].

The vibrational signals detected when investigating the ma-
terials with different Cu/Mg molar ratios were analyzed. Inter-
pretation of the spectra is based on pertinent reports [59,62,63].
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Table 3
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Vibrational bands observed upon adsorption of CO; on various materials, data
taken from references [59,62,63]

[59] [62] [63]

Bidentate 1670-1625 cm™12  1710-1660 cm~!4  1670-1600 cm™—!¢
1330-1275cm™12  1355-1335cm™!9  1310-1280 cm™ !¢
1005-950 cm™~ 12 1050-980 cm™ !¢
1730-1652 cm™ 1P
1354-1234 cm~1b

Monodentate 1500 cm™1¢

Carboxylates

1550-1520 cm™12
1410-1390 cm™12

1630-1530 cm™ 1P
1515-1385 cm~ 1P

1565-1360 cm™~ !¢

1540-1420 cm™1¢
1390-1330 cm™1¢
1050-980 cm™ !¢

1630-1570 cm™ !¢
1390-1350 cm™1¢

Bicarbonate 1665-1660 cm— 14 3600 cm™1¢
1448-1430 cm™1d  1630-1615 cm™!®
1240-1225 cm™19 15001400 cm™!®
1225 cm~ e
4 MgO.
b Al,03.
¢ CuO.
d MgA1204.
€

General assignment.
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Fig. 8. ATR-IR spectra recorded after flowing CO,-saturated toluene for 1 h
over different catalysts. The Cu content is increasing from bottom (A, light
gray line) to top (D, black line) with the sample presented on the bot-
tom containing no Cu and the sample on the top (D, black line) contain-
ing no Mg, but always keeping the (Cu 4+ Mg)/Al = 3 molar ratio constant.
(A, light gray) Au/Mg3Al;Oy; (B, gray) Au/CuiMg5Al,Oy; (C, dark gray)
Au/CusMg1 Al Oy; (D, black) Au/CuzAlj Oy. The regions assigned to biden-
tate species are marked with a solid rectangle, the regions showing monoden-
tate species are framed with a dashed rectangle. Conditions: 80 °C, flow rate
0.56 mL/min.

The bands assigned in the aforementioned references are sum-
marized in Table 3.

On the samples reported in the present work, only monoden-
tate and bidentate species could be unambiguously identified.
The presence of bicarbonates, bridged species, and formates
was excluded due to missing signals in the corresponding re-

i i o
- 1 ! =
21~ e M |©
[ : i e
5 M "
T . : B &
2 e e s
2 | a 8
ot \ H i -
| | 1 Ao

1800 1600 1400 1200 1000 800

Wavenumber / cm™’

Fig. 9. Spectra recorded after flowing CO;-saturated toluene for 1 h over differ-
ent supported gold catalysts. The Cu content is increasing from bottom (A, light
gray line) to top (C, black line) with the sample presented on the bottom
containing no Cu: (A, light gray line) Au/CeO,; (B, gray line) Au/20 wt%
CuO/Ce0y; and (C, black line) Au/CuzAl;O,. Conditions: 80 °C, flow rate
0.56 mL/min.

gions [63]. However, due to the high similarity between car-
boxylates and monodentate carbonates, the possibility that car-
boxylates were also present cannot be excluded. Monodentate
carbonates are bound to the surface via the positively polarized
CO;—carbon atom and a Lewis base on the surface, possibly an
anionic oxygen species. Carboxylates, on the other hand, are a
form of bidentate carbonates in which the CO» is bound to the
surface at a Lewis acid site via its negatively polarized oxygen
atoms. Bidentate species exhibit both features; one binding is
established between the CO,—carbon atom and a surface oxy-
gen atom, and the other binding occurs between a CO—oxygen
and a Lewis acid site involving possibly Mg, Al, or Cu. A clear
assignment regarding bidentate and monodentate species can
be made. The vibrational bands observed are summarized in
Table 4 and the corresponding spectra, recorded after 1 h of ad-
sorption from CO;-saturated toluene, are shown in Fig. 8.

The addition of Cu produced more complex spectra. The
copper component changed the pattern of the sites able to ad-
sorb CO; from mostly strong adsorption sites binding CO; in
a bidentate manner to adsorption sites showing monodentate-
binding properties. In the region typical for the appearance of
monodentate carbonates, numerous very well separated, sharp
signals were identified. However, a possible overlap of the
signals of interest with signals being assigned to toluene can
lead to an apparent splitting. Thus, the sharp negative bands at
1494 and 1455 cm™! might be caused by incomplete compen-
sation of the solvent signals in presence of toluene saturated
with CO;. (The background was recorded while flowing N»-
saturated toluene.) The bands identified at 1487 and 1389 cm™!
are possibly only shoulders of a larger carbonate envelope over-
lapping with the spectrum of toluene.

Similar findings emerged from the analysis of Au on pure
CeO, and Au nanoparticles on 20 wt% CuO/CeO; (Fig. 9).
Whereas the pure CeO; exhibited a strong signal above v >
1600 cm™! (Fig. 9A, light-gray line) assigned to bidentate
species, this signal decreased with increasing Cu content, as
can be seen for the support 20 wt% CuO/CeO; (Fig. 9B, gray
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Table 4

Vibrational signals (cm™1) observed upon adsorption of CO; from CO;-saturated toluene by means of ATR-IR spectroscopy

Bidentate carbonates (cm_l)

Monodentate carbonates (cm_1 )

998 826

995 831 1546 1443sh 1023
998 846 1516/1485 1431/1394sh 1023
998 856 1520/1484 1435/1372 1021
998 854 1548 1442 1020
998 855 1517/1482 1441 1022

Au/Mg3Al; Oy 1649 1287
Au/Cu;MgsAl, Oy 1641 1302sh/1287
Au/CusMg; Al,O, 1632w 1304/1293
Au/Cu3Al; Oy 1656w/1610w 1304/1294
Au/CeO, 1680sh/1614 1304/1286
Au/20 wt% CuO/CeO, 1680sh/1631 1304/1286
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Fig. 10. In phase (0°, black line) and out of phase (90°, gray line) spectra
recorded for the samples Au/CusMgi Al,Oy (A) and Mgz Al1 Oy (B). The stim-
ulation periods were 408.2 s (A) and 1431.5 s (B) resulting in a frequency of
2.4 mHz and 0.7 mHz, respectively. Conditions: 80 °C, flow rate 0.56 mL/min.

line). The spectrum recorded for Au/Mg3 Al O, (Fig. 8D, black
line) is plotted for comparison. The shift from a surface largely
populated by bidentate species toward a surface covered pre-
dominantly by CO, bound as monodentate species is evident
for the copper-containing catalyst.

To further elucidate the origin and features of the negative
signal (1370 cm™!), modulation experiments were performed.
The results show that this signal was negatively correlated with
respect to the carbonate signals for all materials investigated
(Fig. 10). The contribution of this negative signal depended on
the Mg content of the mixed-oxide supports; its intensity de-
creased in the sample with lower Mg content, and it was not
observed for the Mg-free sample (Fig. 10A). It was also ab-
sent in the Au/MgO. However, the contribution of the signal
at v = 1370 cm~!—especially for the Cu-free sample depicted

in Fig. 10B—was strongly diminished by employing the MES
approach. The intensities affected by the modulation corre-
sponded to the signals identified during the adsorption of COs.
Note that the signal at 1370 cm™! was negatively correlated
with respect to the monodentate and bidentate species iden-
tified during CO, adsorption. This signal is possibly due to
carbonaceous species present on the surface or to basic mag-
nesium carbonate present on the support. However, due to the
information gained from MES, it can be concluded that the ap-
pearance of this signal is caused by another surface species
other than the monodentate and bidentate carbonates. Whereas
the CO, adsorption studies clearly revealed significant changes
in the basic surface properties on Cu promotion, whether these
changes are at the origin of the enhanced activity of the ternary
mixed-oxide-supported gold catalyst remains unclear. The en-
hanced activity may be the result of several superimposed con-
tributions, such as surface basicity, redox properties of Cu, and
the oxidation state of Au, as well as the possible effect of Cu
on gold particle size. Further investigations aiming at discrim-
inating among these contributions, particularly under in situ
conditions, are needed to gain a thorough understanding of the
promotional effect observed.

4. Conclusion

In this study, binary and ternary mixed oxides containing
Mg-Al, Cu-Al, and Cu-Mg—Al were prepared by FSP and
applied as supports for Au nanoparticles. The mixed oxides
showed similar textural properties, characterized by low poros-
ity in the micropore and lower-mesopore regions and simi-
lar BET surface areas. Gold particles with diameter ranging
from 6 to 9 nm were deposited on the supports by deposition—
precipitation. The gold loading amounted to 0.6 £ 0.17 wt%.
The various supported gold catalysts were tested in the aero-
bic oxidation of 1-phenylethanol; the best catalytic performance
was achieved for a ternary mixed-oxide-supported gold cata-
lyst with the composition Au/CusMgjAl,O,. The Cu- and Mg-
containing mixed oxide led to strongly enhanced activity of the
supported gold nanoparticles, demonstrating these constituents’
important roles as promoters. This catalyst was tested in the
oxidation of various structurally different alcohols. For most
of the alcohols, full conversion was achieved at high selectiv-
ity (=98%). The ternary mixed-oxide-supported gold catalyst,
Au/CusMg; Al,O,, showed significantly higher activity for the
oxidation of several alcohols under similar conditions com-
pared with various pertinent reference catalysts (i.e., Au/CeO;,
Pd/Al,O3, Bi-promoted Pd/Al,O3).
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COy adsorption from the liquid phase combined with ATR-
IR spectroscopy revealed different monodentate and bidentate
carbonate species as major surface species. The population of
monodentate species increased with increasing Cu content of
the supports, indicating a change of surface basicity on Cu pro-
motion. This tendency was observed for both ternary mixed
oxides and binary CuO/CeO; supports. Ex situ XANES of the
fresh and spent catalyst revealed that a significant fraction of
the deposited gold existed as charged species. Final assessment
of the role of these species in the catalytic process will require
in situ measurements, which are the subject of a forthcoming
study.
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