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Au Nanoparticles Supported on a Layered Double Hydroxide with Excellent
Catalytic Properties for the Aerobic Oxidation of Alcohols

WANG Liang', MENG Xiangju?, XIAO Fengshou®”

IState Key Laboratory of Inorganic Synthesis and Preparative Chemistry, Jilin University, Changchun 130012, Jilin, China
?Institute of Catalysis, Zhejiang University, Hangzhou 310028, Zhejiang, China

Abstract: Au nanoparticles supported on Mg-Al-layered double hydroxide (Au/LDH) were successfully prepared by ion-exchange and re-
duction. XRD patterns and TEM images indicate that the Au nanoparticles are highly dispersed on the LDH support, and that the layered
structure remains intact during the preparation process. Interestingly, Au/LDH shows high catalytic activity for the aerobic oxidation of al-
cohols under mild conditions. For example, the conversion of 1-phenylethanol and selectivity for acetophenone was nearly 100% using mo-
lecular oxygen as an oxidant under atmospheric pressure at room temperature. The Au/LDH composite exhibits high catalytic stability during
these reactions, and therefore, it has great potential for industrial application.
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Z K, I 19 LDH FF i SR T B 28 42 R0k i 23 761
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HEAL 2R FIAT R A A % T 80 ml K+, A 69 1)
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min J&, I\ 15 ml ZBEHE+F 6 h, B )45 Au/LDH fi#
b7

T LRSS R R R R GO (ICPR,
Perkin-Elmer 3300DV) 43 #7154 £ Au/LDH  Au ¥ %%
5 1.8%. & 1y LDH 1 Au/LDH £f i i) XRD i
(Rigaku D/IMAX 2550 7! X S Z& AT 413, Cu Ko 5 26U,
4=0.154 06 nm). f1 & 0] LLE H, BIASFE L XRD %
FEARAHAL, 35 4 S AR G5 0, B &5 d R . X
e WIHE 3 Au R R P, LDH MG AR 4 15 1 3 g 78 1)
JEAR G 1. TR I 38 ] LA, 7E Au/LDH {465 |,
Au RLF AT S 08 AN W] 52, B0 R Au AR 4 o T
BAR b B AR E R RIS X B4 Au/LDH
AL TEM B 5 CRH H A JEOL JEM-200CX %Y
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Fig. 1. XRD patterns of LDH (1) and Au/LDH (2) samples. LDH—
Layered double hydroxide.
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Fig. 2. TEM image (a) and Au size distribution (b) of the Au/LDH
sample.
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Fig. 3. XPS spectrum of the Au/LDH catalyst.
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Table 1  Aerobic oxidation of alcohols over the Au/LDH catalyst
Entry Substrate Product Time (h) Conversion (%) Selectivity (%)
1 o P 20 >99 >99.5
2 ®_< ®_< 12.0 9% >99.5
3¢ 2.0 24 >99.5
49 2.0 4 >99.5
5¢ 2.0 17 >99.5
6 2.0 11 >99.5
7° 2.0 39 >99.5
g" 25 >99 >99.5
9 25 97 >99.5
OH 0
10° H;C@—< H;C—@—< 2.5 97 >99.5
OH 0
112 H;CO@—< H3C0—®—< 2.0 99 >99.5
HO, Q
o~ QY
12° 20.0 79 88.0
13 Q <:>: 3.0 67 >99.5
OH 0
14° 24.0 60 >99.5
OH 0
15 M M 24.0 42 >99.5
16 P N NN 24.0 <1 —

%80 °C, 1.5 mmol of alcohol, 80 mg of catalyst, 10 ml of toluene as solvent, O, bubbling rate 30 ml/min. "Room temperature 20 °C. ©2.0% Au/TiO,
prepared as reference [23]. ®2.0% Au/SiO, prepared as reference [23]. °3 mmol of CH;COONa was added. 2.0% Au/MgO prepared as reference [23].
92.0% Au/Fe,0; prepared as reference [23]. "Recycled 3 times. 'Recycled 6 times. 10.7 mmol of alcohol.

FEPE. /£ 80° C 5 Hs N AN [ MY 2 h, Au/LDH ffE 46 7 |
1-Z8 0k OWE AT 58 A A A8 S (S5 1). 25 LUAH AL
Au 712 & 1 Au/TiO,, Au/SiO,, Au/MgO F1 Au/Fe,04
ARG TN, 12 N e Ak 2643 0 A 24%, 4%, 11% Fil
39% (<6 3, 4, 6 A7), W AH i A Ak 9 T HL B
CH3COONa, 71 Au/SiO, flE A7) | 1-8 0k Z W e A 2
1A 17% (3250 5), i K T Au/LDH. & 253 &1
52, B3 R, )W 12 h isf, 78 Au/LDH | 1-2%6 56 2,
W B A A AT AT Ik 96%. 6 X H i -o- 48 £ i F 0] HY
B - IR LI A LA D5 A5 I, Au/LDH {4k 75 Pk R
TR, SN B AL R 3 )k 97% 1 99% (25 10 A1 11).
] LA Y, Au/LDH X — 2 I 0 4 A 3 12 b6 - 2%
W P 1 A 35 I I, S Y 20 h i, 2- 2K 38 4 R AL R
AT 79%, K L FE1:A h 88.0% (L5 12).
FHRS T 8295 Dy S8 A 1R 05 B B, I s e % f — .
S 24T 1) HME S5 T LA AU/LDH A Ak R I, B O I
SRS PR3 . fE 80°C L7 e M 3 h, 3 L 4 4k
AT 67% (S5 13); BIAE 71 = i, AT ik 60% (5%
B 14). 505 FEE—FE, IR E PR IH T

O (PR AEAH ] SR 4541, 2- CURERR AL AR ]
1K 42%, 1 1- LI E15E AR 3 A7 A4k (S5 15 A1 16).
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Fig. 4. UV-Vis spectra of the as-prepared Au/LDH catalyst (1) and
AuU/LDH recycled 6 times (2).
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The selective oxidation of alcohols to their corresponding
aldehydes or ketones is of great importance to the fine
chemical and pharmaceutical industries [1-3]. Traditionally,
the oxidation of alcohols has been carried out using hy-
pochlorite and permanganate as oxidants, which increases
the cost and produces plenty of waste [4-6]. A few transi-
tion-metal complexes can effectively promote the oxidation
of alcohols with molecular oxygen as an oxidant in a ho-
mogeneous system. However, these homogeneous transi-
tion-metal complex catalysts are not widely used because of
the separation and regeneration of the catalysts from the
homogeneous system [7-9]. From the point view of green
chemistry, developing “green” catalysts with high efficiency
and recycling ability under mild reaction conditions is highly
desirable [10]. In recent years, Au catalysis has been one of
the most important research topics in the oxidation research
area [11-13]. One of the exciting findings is that small-size
Au nanoparticles are able to promote the oxidation of alco-
hols [14-16]. Their activity over supported Au nanoparticles
highly depends on the Au particle size, dispersion, and the
properties of the support [17]. Compared with the inert SiO,
support, active supports such as CeO,, TiO,, and GazAl;0q
interact with the Au sites resulting in high activities [18-21].
Layered double hydroxides (LDH) are anion clays that are
widely used because of their layered structure and an-
ion-exchange ability. In this work, Mg-Al-LDH was used to
support the Au nanoparticles (Au/LDH), and we found that
AU/LDH is catalytically active for the aerobic oxidation of a
series of alcohols.

Mg-Al-LDH was synthesized according to Ref. [22]. As a
typical run, 30.76 g of Mg(NO3),-6H,0 (AR, Beijing Chem.
Co.) and 15 g of AI(NO3)3-9H,0 (AR, Beijing Chem. Co.)
were dissolved in 400 ml of water, followed by the addition
of 72 g of urea (AR, Beijing Chem. Co.) while stirring. After
heating to boiling point, a white precipitate was formed.
After boiling for 8 h and precipitating at room temperature
over 12 h, the solid LDH was collected by filtration and
washing with water.

Au/LDH was prepared by ion-exchange and NaBH, re-
duction. For a typical run, 0.22 g of hydrochloroauric acid
(HAUCI,-4H,0, AR, Shanghai Chem. Co.) was dissolved in
80 ml of water, followed by the addition of 6 g of LDH and
stirring overnight. After filtration, washing, and drying, the
sample was transferred to 50 ml of toluene (AR, Beijing
Chem. Co., dried by P,0s) followed by the addition of
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NaBH, (AR, Beijing Chem. Co.). After stirring for 10 min,
15 ml of ethanol was added and the mixture was stirred for 6
h. Au/LDH was collected by filtration and washing with
ethanol and water.

The Au content of the Au/LDH sample was 1.8% as de-
termined by inductively coupled plasma (ICP, Perkin-Elmer
3300DV) analysis. Figure 1 shows X-ray diffraction (XRD)
patterns of LDH and Au/LDH samples (Rigaku D/MAX
2550 diffractometer with Cu K, radiation, A = 0.154 06 nm).
Both samples show the same diffraction peaks, which are
assigned to the typical layered structure with high crystal-
linity. This indicates that the layered structure of LDH re-
mains intact during the Au loading process. It should be
noted that the characteristic peaks of the Au nanoparticles are
not present suggesting that the small-size Au nanoparticles
are highly dispersed, which is confirmed by TEM
(JEM-200CX electron microscope, JEOL, Japan, with an
acceleration voltage of 300 kV), as shown in Fig. 2(a). This
TEM image gives direct evidence that the Au particle size is
distributed between 1.0 and 4.0 nm (Fig. 2(b)).

Figure 3 shows the XPS spectrum of Au/LDH (Thermo
ESCALAB 250 with Al K, radiation, the binding energies
were calibrated using the C 1s peaks at 284.9 eV), giving a
Au 4f;, peak at 83.2 eV, which is attributed to metallic Au
nanoparticles.

Table 1 lists the catalytic activities for the aerobic oxida-
tion of various alcohols using molecular oxygen as an oxi-
dant under atmospheric pressure over Au/LDH. Au/LDH is
very active for the oxidation of 1-phenylethanol to aceto-
phenone. Upon reacting for 2 h at 80 °C, 1-phenylethanol is
completely converted to acetophenone (Table 1, entry 1).
Upon reacting for 12 h at room temperature, the conversion is
still 96%. In contrast, the Au/TiO,, Au/SiO,, Au/MgO, and
Au/Fe,0; catalysts with the same Au content exhibit rela-
tively low conversions of 24%, 4%, 11%, and 39%, respec-
tively (Table 1, entries 3, 4, 6, and 7). Even with the presence
of additional base (CH;COONa) in the system, Au/SiO, still

gives a low conversion of 17% (Table 1, entry 5). For the
oxidation of p-methyl-a-phenylethanol and p-methoxy-a-
phenylethanol, Au/LDH gives a high conversion (97% and
99%) and high selectivity (over 99.5%) for the corresponding
ketone (Table 1, entries 10 and 11). Interestingly, compared
with the secondary aromatic alcohols, the conversion of
primary alcohols over Au/LDH was low. For example,
2-phenylethanol gives a 79% conversion and an 88.0% se-
lectivity for phenyl acetaldehyde (Table 1, entry 12).

It is worth noting that Au/LDH has a high activity for the
oxidation of aliphatic alcohols. Cyclohexanol can be con-
verted to cyclohexanone with a conversion of 67% in 3 h at
80 °C (Table 1, entry 13). Even at room temperature the
conversion is still only 60% (Table 1, entry 14). Furthermore,
the conversion of secondary aliphatic alcohols is higher than
that of primary alcohols. For example, 2-hexanol gives a
42% conversion while 1-hexanol is almost inactive under the
same conditions (Table 1, entries 15 and 16).

The Au/LDH catalyst exhibits particularly good stability.
For example, the conversion is the same (> 99%) after three
recycles (Table 1, entry 8). When recycled 6 times, the con-
version reduces slightly to 97% (Table 1, entry 9), which is
associated with the aggregation of Au nanoparticles, as con-
firmed by UV-Vis spectroscopy (Fig. 4). The band at 545 nm
is assigned to Au nanoparticles and it becomes sharper and
shifts to 523 nm after being recycled 6 times. When the
AU/LDH catalyst is removed from the system the oxidation
stops, which confirms that Au/LDH is active during the
oxidation.

In summary, a Au/LDH catalyst was prepared by ion-ex-
change and reduction and it shows good catalytic properties
for the aerobic oxidation of alcohols, which is of potential
importance for the production of fine chemicals.
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