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a  b  s  t  r  a  c  t

Hydrotalcite-supported  gold  nanoparticles  are  studied  as  photocatalysts  for the  aerobic  oxidation  of
benzyl  alcohol  and its derivatives  without  additional  base  under  irradiation  by visible  light.  The  effects  of
the  solvent,  the  hydrotalcite  constitution  and  the gold  content  on  the  catalytic  reaction  are  studied.  The
reactions  utilizing  benzotrifluoride  as the  solvent  yield  the  best  results.  When  varying  the gold  content
and  support,  2  wt%  Au/HT-3  exhibits  good  catalytic  activity.  Furthermore,  the rate  of conversion  under
eywords:
old
anoparticles
ydrotalcite
hotooxidation
enzyl alcohol

visible  light  is  far  superior  to that  in  the dark.  The  catalytic  activity  can be tuned  by  manipulating  the
intensity  or  wavelength  of  the  light.  A  reaction  mechanism  is  proposed  to rationalize  these  results:  the
primary  reason  for the lower  activity  observed  on  recycled  catalysts  is  that the basic  sites  of  hydrotalcite
are  decreased  during  the  reaction  in light.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Using catalysts can enable access to mild and environmentally
riendly conditions. Currently, researchers are focused on metal
anoparticles, particularly the catalytic activity of supported gold
anoparticles. Supported gold nanoparticles have been found to
atalyze many reactions, such as C C couplings [1], the reduc-
ion of nitrobenzene [2], the oxidation of organic contaminants [3],
henol hydrogenation to form cyclohexanone [4], the isomeriza-
ion of epoxides to form allylic alcohols [5] and the esterification
f alcohols [6]. Gold nanoparticles have a localized surface plas-
on  resonance effect (LSPR) [7] under visible light irradiation. The

SPR effect is the collective oscillation of conduction electrons of
old nanoparticles, which resonate with the electromagnetic field
f the incident light, so forming high-energy electrons on the gold
urface. These high-energy electrons can offer energy to the reac-
ion system, so gold nanoparticles can absorb light energy, and

ake it into their internal energy [8], which can make the reac-
ant across the reaction barrier. Consequently, sunlight can be
tilized.
Hydrotalcite (HT : [M2+
1−xM3+

x (OH)]
x+

[An−]x/n · yH2O) is an
nteresting inorganic layered building block material that contains

etallic hydroxide layers with interlayered anions to balance

∗ Corresponding author. Tel.: +86 471 4995411; fax: +86 471 4992981.
E-mail address: lijingyicn@163.com (J. Li).

ttp://dx.doi.org/10.1016/j.molcata.2014.08.023
381-1169/© 2014 Elsevier B.V. All rights reserved.
the positive charges [9]. The metallic cations are in brucite-like
sheets, while the anions in the interlayer are flexible and diverse
[10]. Acidic and basic sites exist on hydrotalcite, and these sites
can play crucial roles during reactions [11]. Moreover, the struc-
ture of the most common hydrotalcite is Mg6Al2(OH)16CO3·
nH2O.

The dehydrogenation of benzyl alcohol is a representative pho-
tocatalytic reaction [12], and the various factors that affect the
activity of the catalysts have been studied. Different carriers, such
as TiO2 [13], Al2O3 [14], zeolite [15], MOFs [16], MCFs [17] and dif-
ferent metals (such as Au [18], Pd [19], Ag [20], Au–Pd [21], Au–Pt
[22], Au–Ag [23], Cu [24]) have been examined. Different catalytic
conditions [25] and mechanisms [26] have also been assessed.
However, despite the great effort has been expended, numerous
aspects remain unclear.

In this study, gold nanoparticles were loaded onto various sup-
ports and used as photocatalysts for the selective aerobic oxidation
of benzyl alcohol under mild conditions. Adding base is not nec-
essary in this reaction. Usually, base is required in reactions over
supported gold catalysts because the bases activate the hydroxyl
group on the alcohols [27]. In our study, benzyl alcohol was con-
verted into benzaldehyde with a high selectivity after 24 h under
irradiation by visible light. Meanwhile, almost no reaction occurred

in the dark under the same conditions. To confirm that the reaction
is light-promoted, the light intensity and wavelength were varied.
A possible reaction mechanism based on the experimental results
was proposed.

dx.doi.org/10.1016/j.molcata.2014.08.023
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2014.08.023&domain=pdf
mailto:lijingyicn@163.com
dx.doi.org/10.1016/j.molcata.2014.08.023
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Table 1
Crystal spacing of HT-x.

Entry Catalysts d value (nm)

1 HT-1 0.772
2  HT-2 0.783
J. Yu et al. / Journal of Molecular Ca

. Experimental

.1. Preparation of HT

The hydrotalcite supports (HT-x, x: Mg/Al mole rations, and x = 1,
, 3 and 4) were prepared using a co-precipitation method. (1) A
ertain ratio of MgCl2·6H2O and AlCl3·6H2O was dissolved in redis-
illed water (1 L) under stirring. (2) NaOH and Na2CO3·10H2O were
issolved in redistilled water (4 L). (3) The solution formed in (1)
as added drop-wise into the solution formed in (2) with vigorous

tirring over approximately 30 min. (4) The mixed suspension was
entrifuged and a white solid was obtained. Subsequently the solid
as washed six times with Na2CO3 (0.1 mol  L−1). (5) The wet  cake
as dried at 80 ◦C for 20 h in an oven [28].

.2. Preparation of Au/HT-x catalyst

The 2 wt% Au/HT-3 catalysts were prepared using a sequen-
ial deposition/reduction approach. HT-3 (2.5 g) was dispersed in
edistilled water (50 mL)  and sonicated for 10 min. The pH of the
olution was adjusted to 10 using NaOH (0.5 mol  L−1) with stir-
ing. Afterward, the HAuCl4 solution was added dropwise under
onication. Subsequently, lysine (20 mL)  was added to the mixture.
fter stirring for 30 min, a fresh NaBH4 solution was added. This
lurry was filtered before being washed with deionized water and
thanol, respectively. The resulting mixture was dried at 60 ◦C for
2 h. The other catalysts, including 2 wt% Au/HT-x (x = 1, 2 and 4),

 wt% Au/HT-3 (y: 0.5, 1, 2 and 3, respectively), 2 wt%  Au/�-Al2O3
nd 2 wt% Au/Mg(OH)2 were prepared using the same method [28].

.3. Recycling use of catalyst

Method 1: Firstly, catalyst and reactant were separated via cen-
rifugation. Afterward, the catalyst was washed with deionized
ater and ethanol. Finally, the catalyst was dried at 60 ◦C for 12 h.

he recycled catalyst was reused in the next run under the same
onditions [29].

Method 2: Firstly, catalyst and reactant were separated via
entrifugation. Afterward, the catalyst was washed with Na2CO3
0.1 mol  L−1) and ethanol. Finally, the catalyst was  dried at 60 ◦C
or 12 h. The recycled catalyst was reused in the next run under the
ame conditions.

.4. Catalyst characterization

The X-ray diffraction patterns (XRD) of the samples were
ecorded on a RIGAKU D/MAX-2500 X-ray diffractometer using
uK� radiation (� = 1.5405 Å) at 40 kV and 100 mA.  The diffrac-
ion data were collected from 5◦ to 80◦. The gold contents of the
amples were quantitated using atomic absorption spectroscopy
AAS) on a GBC AVANTA YX-05 instrument. The X-ray photoelec-
ron spectroscopy (XPS) measurements were performed on a Kratos
SAM800 using AlK� radiation. The binding energy was  calibrated
sing the C1s photoelectron peak at 284.8 eV as a reference. The
article sizes and morphologies of the samples were determined
sing transmission electron micrographs (TEM) taken on a FEI Tec-
ai G2 F20 S-Twin apparatus with a 200 kV acceleration voltage.
V–visible diffuse reflectance spectra (UV–vis DRS) were detected

n U-3900 made by Hitachi. Temperature-programmed desorption
f CO2 (CO2-TPD) was performed on a Micromeritics AutoChem
920 II instrument. The product was quantitatively analyzed with a
C-2014C gas chromatograph (GC). The identity of the product was
onfirmed via gas chromatography–mass spectrometry (GC–MS)
n a Finnigan LCQ Advantage MAX  instrument.
3  HT-3 0.787
4  HT-4 0.796

2.5. Catalytic test: aerobic oxidation of benzyl alcohol

The reaction was carried out in a batch-type reaction with
stirring. Typically, the catalyst powder (50 mg), benzyl alcohol
(2 mmol) and solvent (10 mL)  were placed in a 50 mL round-bottom
flask; a LED lamp (200 W,  400–800 nm)  was used as a light source.
The system was filled with pure oxygen and sealed. A small amount
of reactant was  separated at regular intervals and quantitatively
analyzed by GC. Afterward, the products were identified with a
GC–MS spectrometer. For comparison, the reaction was performed
simultaneously in the dark under the same conditions [30].

2.6. Hydrogen peroxide test

This kind of examination method is put forward by H. Bader
et al. in 1988 [31]. The particular way  is shown as follows: the sam-
ple (9 mL)  after 24 h was  placed in a 50 mL round-bottom flask.
The buffer solution (pH = 6, 1 mL)  was added to achieve pH 6 in
the final solution with stirring. Then DPD reagent (N,N-diethyl-
1,4-phenylenediammonium sulphate, 17 �L) and POD reagent
(peroxidase product from horseradish, 17 �L) were added in the
solution [31].

3. Results and discussion

3.1. Catalysts characterization

The structures of various supports and catalysts are confirmed
by XRD analysis. Fig. 1A shows the XRD patterns of the sup-
ports, including �-Al2O3, MgO  and hydrotalcite with various Mg/Al
ratios (HT-x, x stands for Mg/Al mole rations, x = 1, 2, 3 and 4),
and revealing a series of characteristic patterns of inorganic struc-
tures. Fig. 1A (c–f) shows a series of characteristic patterns for the
hydrotalcite structure. The diffraction peaks could be indexed to a
pure hexagonal phase of hydrotalcites, especially the characteris-
tic reflections (0 0 3) that exhibit a high intensity and a narrow line
width [28]. The lattice parameters of HT-3 are a = 3.058 ± 0.004 Å,
c = 23.969 ± 0.062 Å,  ̨ = 90◦,  ̌ = 90◦, � = 120◦, and V = 190.47 Å3.
Fig. 1B is the local amplification of Fig. 1A from 5◦ to 30◦, and blue
shifts of these peaks appear when increasing the Mg/Al ratio. The
inter-planar crystal spacing is measured using the (0 0 3) diffraction
peak with the Bragg formula (2d  sin � = n�). The d value increases
with the molar proportions of magnesium (Table 1). This phe-
nomenon shows that a lattice expansion makes the XRD peaks
move toward a smaller angle. Fig. 1C shows the characteristic peaks
of supported samples (Au/�-Al2O3, Au/Mg(OH)2 and Au/HT-x) with
the same gold content (2 wt%). An XRD pattern almost identical to
HT-x was obtained for Au/HT-x, indicating that the crystal structure
of the nano-crystalline support is conserved. Moreover, the char-
acteristic diffraction peaks of the Au nanoparticles can be observed
within the patterns. The MgO  turned into brucite after the catalyst
was prepared; possibly similar to a “memory effect” of hydrotal-
cite. (Calcined hydrotalcites can be reconstructed back to a layered

structure when it is in contact with water and appropriate anions.
This property is called retro-topotactical transformation. And it is
also known as the “memory effect” [32].). Fig. 1D shows the XRD
patterns of Au/HT-3 with different gold contents. The Au diffraction
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ig. 1. (A) XRD patterns of the supports: (a) �-Al2O3, (b) MgO, (c) HT-1, (d) HT-2, (e
ith  various supports: (a) Au/�-Al2O3, (b) Au/Mg(OH)2, (c) Au/HT-1, (d) Au/HT-2, (e

a)  HT-3, (b) 0.5 wt%  Au/HT-3, (c) 1 wt% Au/HT-3, (d) 2 wt%  Au/HT-3, (e) 3 wt%  Au/H

eaks intensify when the gold content increases. This phenomenon
eveals that the size of the gold nanoparticles increases with the

old content, agreeing with the TEM data. The crystal structure of
T-3 is retained after the gold nanoparticles are deposited.

Fig. 2 shows the corresponding Au 4f XPS spectra of the 2 wt%
u/HT-3. The catalysts clearly contain Au0. As shown in Fig. 2, the
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Fig. 2. XPS spectra of the Au 4f core level line for 2 wt% Au/HT-3.
, and (f) HT-4. (B) Partially enlarged picture of (A). (C) XRD patterns of the catalysts
T-3, and (f) Au/HT-4. (D) XRD patterns of the Au/HT-3 with various gold contents:

binding energies for the Au 4f7/2 (83.70 eV) and Au 4f5/2 (87.35 eV)
electrons are observed. The binding energies of these two peaks
correspond to the reduced state of gold [12,33]. The higher binding
energy (88.90 eV) corresponds to the XPS spectra of Mg  2S.

The gold content is analyzed using atomic absorption spec-
troscopy (AAS), and the results are shown in Table 2. The realistic
gold content of the samples is slightly smaller than the theoretical

value. Comparing the results of the catalysts (Table 2, entries 3 and
5–9) reveals that the nature of the supports affects the gold content
[34].

Table 2
Gold content and nanoparticle size of the supported gold catalysts.

Entry Catalysts Au contenta (wt%) Mean Au sizeb (nm)

1 0.5 wt%  Au/HT-3 0.35 9.28
2  1 wt%  Au/HT-3 0.85 11.20
3  2 wt%  Au/HT-3 1.96 10.54
4  3 wt%  Au/HT-3 2.24 11.66
5  2 wt%  Au/HT-1 1.80 10.23
6  2 wt%  Au/HT-2 1.82 9.82
7  2 wt%  Au/HT-4 1.62 11.84
8  2 wt%  Au/�-Al2O3 1.24 10.54
9  2 wt%  Au/Mg(OH)2 1.16 11.00

10  2 wt%  Au/HT-3 1.31 11.24c (10.71)d

a Measured by AAS.
b Obtained from TEM.
c The recycled catalyst after light reaction.
d The recycled catalyst after dark reaction.
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Fig. 3. TEM images of the (a) 0.5 wt% Au/HT-3, (b) 1 wt%  Au/HT-3, (c) 2 wt%  Au/HT-3, (d) 3 wt%  Au/HT-3, (e) recycled 2 wt% Au/HT-3 after irradiation with light, (f) recycled
2  wt% Au/HT-3 after a reaction in the dark, (g) HRTEM images of Au nanoparticles. (a1–f1) Distributions of corresponding particle size.
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Fig. 3. 

The particle size distribution is determined by TEM, ranging
rom 8 to 12 nm.  The results are given in Table 2 and Fig. 3 and S1.
he TEM image shows that the Au nanoparticles are spherical
nd highly dispersed. The mean diameter of the gold nanoparti-
les increases slightly after increasing the gold content except for
he 1 wt% Au/HT-3 (Table 2, entries 1–4). The high-resolution TEM
HRTEM) images reveal the well-defined crystalline gold nanopar-
icles and the marked inter-planar spacing is about 0.238 nm that
orresponds to the (1 1 1) plane for face-centered cubic gold. Haider
nd coworkers found that a catalyst with 9 nm Au particles is
he most active when aerobically oxidizing 1-phenylethanol over
u/Cu–Mg–Al–O [35].

The UV–visible diffuse reflectance spectra of the catalysts are

hown in Fig. 4. An absorption band appears at about 520–530 nm,
hich is the characteristic SPR absorption band of Au nanopar-

icles. A red shift of the peak at about 520–530 nm occurs from
.5 wt% Au/HT-3 to 3 wt% Au/HT-3, which explains the increase of
nued) .

Au particle size (the result is consistent with that of XRD and TEM.
It is shown in Fig. 4A).

The basic sites of supports were examined by temperature-
programmed desorption (TPD) of CO2. As shown in Fig. 5, the
desorption of CO2 was  observed from HT-x, Al2O3, and MgO, which
indicates that basic sites exist on these supports. From the intensity
and area of the CO2 desorption peak, we can see that HT-x possess
relatively more basic sites. Only very weak CO2 desorption peaks
could be discerned in the case of Al2O3 and MgO, which suggests
that these supports have fewer basic sites.

3.2. Activity tests
To determine the optimal reaction conditions, we tested various
solvents, supports and gold contents. The 2 wt% Au/HT-3 was  ini-
tially tested during the photocatalytic aerobic oxidation of benzyl
alcohol while using O2 as the oxidant in different solvents. Of the
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Table 3
Effect of the solvent on the aerobic oxidation of benzyl alcohol over 2 wt% Au/HT-3.a

Entry Solvent In visible lightb In the darkb

Conv. (%) Sel. (%) Conv. (%) Sel. (%)

1 Toluene 42.8 97.58 5.76 >99
2  Mesitylene 49.55 >99 29.26 >99
3  Benzotrifluoride 72.93 96.78 3.57 >99
4  1,4-dioxane 56.32 94.92 24.12 93.55
5  DMF 20.68 >99 6.29 >99
6  DMSO 0 0 0 0

a Reaction conditions: solvent (10 mL), benzyl alcohol (2 mmol), catalyst (50 mg),

tent; 2 wt%  Au/HT-3 exhibited the highest conversion (57.53%) for
the selective aerobic oxidation of benzyl alcohol. After the radical
scavengers TEMPO were added into the reaction system, the con-
versation under visible light irradiation was greatly improved, but

Table 4
Oxidation of benzyl alcohol over supported gold catalysts.a
ith different supports and supports: (a) Au/�-Al2O3, (b) Au/Mg(OH)2, (c) Au/HT-
,  (d) Au/HT-2, (e) Au/HT-4, and (f) all kinds of supports related with the above
atalysts.

olvents tested (Table 3), moderate conversions (more than 40%)
f benzyl alcohol with a high selectivity for benzyl aldehyde were
btained when using less polar solvents, such as toluene, mesity-
ene, benzotrifluoride and 1,4-dioxane; the conversion was  the

ighest (72.93%) when benzotrifluoride was used (Table 3, entries
–4). In contrast, polar solvents (Table 3, entries 5 and 6) caused a
ignificant drop in conversion because they may  compete with the
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Fig. 5. The CO2-TPD of different supports.
O2 (1 atm), exposure time (48 h). Light source: LED lamp. The light intensity between
400  and 800 nm is 1.70 W cm−2. The solution temperature during exposure is 313 K.

b Conversion rate and selectivity are determined by GC.

reactants for the catalytic sites. Therefore, we chose to use benzotri-
fluoride in the later experiments. The conversion under light was
far higher than that in dark. Therefore, the catalysts could catalyze
the light-induced oxidation of benzyl alcohol.

Subsequently, the effects of the support and gold content were
tested. Because of the experimental limitations, a few differences in
the gold content and size distribution appeared within the series of
catalysts (these catalysts included 2 wt%  Au/HT-x and y wt%  Au/HT-
3); however, these data were within the allowable error range.
The results for the oxidation of benzyl alcohol are summarized in
Table 4. No conversion occurred without the catalyst or with only
the HT-3 support (Table 4, entries 1 and 2), confirming that the
gold nanoparticles are crucial for the reaction system. No reaction
occurred without O2 (Table 4, entry 7). Therefore, oxygen partic-
ipates in the reaction. Subsequently, the photocatalytic aerobic
oxidation of benzyl alcohol was carried out over y wt%  Au/HT-3
with different gold contents (Table 4, entries 3–6). The conversion
rate showed a reversed U-shape when increasing the gold con-
Entry Catalysts In visible lightb In the darkb

Conv. (%) Sel. (%) Conv. (%) Sel. (%)

1 – 0 0 0 0
2  HT-3 0 0 0 0
3  0.5 wt% Au/HT-3 28.32 91.56 1.44 >99
4  1 wt% Au/HT-3 36.01 92.59 2.53 >99
5  2 wt% Au/HT-3 57.53 93.82 4.78 91.47
6  3 wt% Au/HT-3 55.97 94.82 3.77 90.98
7c 2 wt% Au/HT-3 0 0 0 0
8  2 wt% Au/HT-1 36.78 94.90 3.17 >99
9  2 wt% Au/HT-2 61.66 93.46 4.91 >99
10  2 wt% Au/HT-4 52.89 91.31 5.20 89.45
11  2 wt% Au/�-Al2O3 7.63 >99 1.30 >99
12  2 wt% Au/Mg(OH)2 6.09 >99 2.17 >99
13d 2 wt% Au/HT-3 27.73 91.38 0.97 >99
14e 2 wt% Au/HT-3 49.44 94.04 1.86 >99
15f 2 wt% Au/HT-3 71.24(<1)c 93.19(>99)c 1.13 >99

a Reaction conditions: benzotrifluoride (10 mL), benzyl alcohol (2 mmol), catalyst
(50 mg), O2 (1 atm), exposure time (24 h). Light source: LED lamp. The light intensity
between 400 and 800 nm is 1.70 W cm−2. The solution temperature during exposure
is  313 K.

b Conversion rate and selectivity are determined by GC.
c The reaction is carried out under Ar.
d The reusing of the catalyst by method 1 for the second time after light reaction.
e The reusing of the catalyst by method 2 for the second time after light reaction.
f TEMPO (0.042 mmol) was added into the reaction system.
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the reaction are shown as follows:
ig. 6. (A) Effect of light intensity on the photooxidation of benzyl alcohol. (B) Effect
f  the range of light wavelengths on the photooxidation of benzyl alcohol.

t had no effect on the reaction in dark. And it is worth noting that
o reaction occurred in Ar atmosphere even after the addition of
EMPO. Therefore, it suggests that light and O2 are essential factors
n the reaction process (Table 4, entry 15).

For comparison, catalysts with different supports and the same
old content (2 wt%) were tested during the aerobic oxidation of
enzyl alcohol with O2 and benzotrifluoride. The 2 wt% Au/HT-x
Table 4, entry 5 and entries 8–10) provided a moderate conversion
f benzyl alcohol and a high selectivity for benzaldehyde; benzyl
enzoate was obtained as the sole byproduct. Of the various sup-
orts tested, a highest catalytic activity was obtained over 2 wt%
u/HT-2 (61.66%). Little conversion proceeded over Au/�-Al2O3
r Au/Mg(OH)2 (Table 4, entries 11 and 12). These inferior activ-
ties indicate that the cooperation of magnesium and aluminum is
ritical for this catalytic reaction.

These experimental results clearly indicate that the 2 wt%
u/HT-3 is a suitable catalyst for the selective light-induced aerobic
xidation of benzyl alcohol. We  chose HT-3 as a support because it
s the most common hydrotalcite structure. In addition, the coop-
rative interaction between the gold and the support is essential.

.3. Effect of light intensity and light wavelength

To verify that the catalytic reaction is light-promoted, the effects
f the light intensity and wavelength were studied. The conversion

f benzyl alcohol over 2 wt% Au/HT-3 increased gradually when the
ight intensified. The different light intensity (including 0.32, 0.78,
.10, 1.34 W cm−1) was transformed, and the results are shown in
ig. 6A. This trend reveals a strong dependence on the intensity of
s A: Chemical 395 (2014) 128–136

the light when oxidizing benzyl alcohol. A higher light intensity can
provide more energy to Au nanoparticles. Consequently, a higher
light intensity benefited the interaction between the Au nanoparti-
cles and the reactants, favoring the formation of Au H bonds [36],
increasing the conversion. Moreover, more oxygen molecules can
be activated on the gold nanoparticles, promoting the completion of
the catalytic cycle. When using different light wavelengths (includ-
ing 400–800, 450–800, 510–800, 550–800 and 600–800 nm), the
reaction was  carried out under identical conditions. The results are
summarized in Fig. 6B. The conversion of benzyl alcohol gradually
declined as the wavelength increased up to 550 nm;  after that point,
the conversion rapidly decreased. These results are consistent with
the strong absorption of gold nanoparticles at 515–535 nm [37].
Therefore, the above results indicate that the catalytic reaction is
light-promoted.

3.4. Oxidation of various alcohols

Subsequently, the reaction was  extended to benzyl alcohol
derivatives and aliphatic alcohols under the same reaction con-
ditions, generating the corresponding aldehydes or ketones with
a high selectivity. The results are summarized in Table 5. The
benzyl alcohol derivatives containing electron-donating groups
(Table 5, entries 2 and 3) are oxidized more easily than those
with electron-withdrawing groups (Table 5, entry 4). Furthermore,
the oxidization of secondary alcohols, such as 1-phenyl ethanol,
occurred with a high conversion (90.13%, Table 5, entry 5). The
aerobic oxidation of allylic alcohols, such as cinnamyl alcohol and
crotyl alcohol (Table 5, entries 6 and 7) also proceeded efficiently
over 2 wt%  Au/HT-3 (47.65% and 54.85% conversion, respectively)
with a high selectivity (>99% and 79.87%, respectively). Meanwhile,
this catalyst can convert hetero-aromatic alcohols, such as fur-
furyl alcohol and pyridine methanol (Table 5, entries 8 and 9), to
their corresponding aldehydes with high conversions (77.12% and
66.23%, respectively). In addition, catalytic activity was apparent
even for aliphatic alcohols, such as 1-octanol and 2-octanol (Table 5,
entries 10 and 11). The conversion of most of the light-promoted
reactions was  20 times greater than that in the dark, demonstrating
that the gold materials are photocatalysts.

3.5. Reaction mechanism

Based on the experimental results, a reaction pathway was
proposed for this oxidation. A possible mechanism for the pho-
tocatalytic aerobic oxidation of benzyl alcohol over Au/HT-3 is
presented in Scheme 1 [38–44]. The first step of the reaction is
adsorption of benzyl alcohol on the hydrotalcite supports. Sub-
sequently, the Brønsted-basic sites on the hydrotalcite facilitate
�-hydrogen atom elimination, generating a water molecule and
forming the metal–alkoxide intermediate. Under visible light irra-
diation, gold nanoparticles activated oxygen molecules due to the
LSPR effect [45,46]. Afterward, the hydrogen atom on the �-carbon
of the benzyl alcohol was passed onto the Au nanoparticles, form-
ing an adsorbed peroxide species (Au O O H) and the selective
oxidation product benzaldehyde. This species reacts with hydrogen
atom on the �-carbon of another benzyl alcohol to form adsorbed
hydrogen peroxide (Au HOOH), hydrogen peroxide were detected
in the reaction by the test of hydrogen peroxide. Finally, the H2O2
can decompose (Ea = 0.17 eV) or desorb (Ea = 0.19 eV) from the gold
nanoparticles. The support is partially restored to its initial state,
and the reaction cycle is completed. Seven key elementary steps in
PhCH2OH + OH−(HT-3) → PhCH2O-HT-3 + H2O (1)

Au ∗ + O2 → Au O O (2)
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Table  5
Oxidation of different alcohols over 2 wt% Au/HT-3.a

Entry Substrate Target product In visible lightb In the darkb

Conv. (%) Sel. (%) Conv. (%) Sel. (%)

1 Benzyl alcohol Benzyl aldehyde 57.41 93.82 3.68 91.47
2  4-Methylbenzyl alcohol 4-Methylbenzyl aldehyde 57.25 >99 2.87 >99
3  4-Methoxybenzyl alcohol 4-Methoxybenzyl aldehyde 60.73 >99 8.94 >99
4  4-Chlorobenzyl alcohol 4-Chlorobenzyl aldehyde 29.98 >99 2.30 >99
5  1-Phenyl ethanol Acetophenone 90.13 >99 1.69 >99
6  Cinnamyl alcohol Cinnamyl aldehyde 47.65 >99 2.31 83.74
7c Crotyl alcohol Crotonaldehyde 54.85 79.87 3.12 94.95
8d Furfuryl alcohol Furfuryl aldehyde 77.12 25.23 2.84 99.72
9d Pyridine methanol Pyridine formaldehyde 66.23 69.09 14.39 81.38

10d 1-Octanol Octanal 10.74 >99 2.37 >99
11d 2-Octanol 2-Octanone 10.13 >99 0 >99

a Reaction conditions: benzotrifluoride (10 mL), alcohol (2 mmol), catalyst (50 mg), O2 (1 atm), exposure time (24 h). Light source: LED lamp. The light intensity between
400  and 800 nm is 1.70 W cm−2. The solution temperature during exposure is 313 K.

b Conversion rate is determined by GC.
c Reaction conditions: 1,4-dioxane (10 mL), alcohol (2 mmol), catalyst (50 mg), O2 (1 atm), exposure time (22 h). Light source: LED lamp. The light intensity between 400

and  800 nm is 1.70 W cm−2. The solution temperature during exposure is 313 K.
(1 atm

a

P

A

A

H

A

d Reaction conditions: 1,4-dioxane (10 mL), alcohol (2 mmol), catalyst (50 mg), O2

nd  800 nm is 1.70 W cm−2. The solution temperature during exposure is 313 K.

hCH2O-HT-3 + Au O O + hv → Au O O H (3)

u O O H + PhCH2O-HT-3

→ Au H O O H + PhCHO + e−(HT-3) (4)
u H O O H → 2OH + Au∗ (5)

O + e−(HT-3) → OH−(HT-3) (6)

u H O O H → H2O2(sol) + Au∗ (7)

O
α-H

2OH

H2O2

OH

OH OH

e

O
O
H

OH OH

OH
e

H
O
O
H

Scheme 1. The mechanism for the photo-catalyzed aero
), exposure time (46 h). Light source: LED lamp. The light intensity between 400

We also found that the catalytic activity of the recycled catalyst
after washed by water is obviously decreased (Table 4, entry 13).
Some researchers have suggested three reasons for this decrease
in catalytic activity: (1) the gold nanoparticles fall off the support
[47], (2) the gold nanoparticles agglomerate [48] or (3) the organic
reactants can poison the catalyst [49]. To identify the major fac-
tor, the recovered catalyst was  characterized. The AAS results show
that gold nanoparticles fall off the support after recycling, leaving

a gold content of 1.31 wt% (Table 2, entry 10), which is between
1 wt% and 2 wt%. According to the effects of the gold content on the
catalytic efficiency, the conversion rate when using the recycled
catalyst should be between 36.01% and 57.53% (Table 4, entry 4 and

H2O

2

hv

CH2OH

O

C H
O

H

C H
O

H

H

OH OH

OH

HT-3

bic oxidations of benzyl alcohol on 2 wt% Au/HT-3.
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). However, the conversion is actually 27.73%, falling outside of the
heoretical range (Table 4, entry 13). But the conversion returned to
9.44% after the catalysts was washed with Na2CO3, which showed
he basic sites of the support had an effect on the catalytic activity.
his phenomenon suggested that the basic site was  reduced dur-
ng the reaction (Table 4, entry 14). The TEM image of the recycled
atalyst indicates that the mean diameter of the gold nanoparti-
les is similar to that of the originals (Table 2, entries 3 and 10),
uggesting that the gold nanoparticles have not agglomerated. We
lso propose that no organic reactants are adsorbed on the catalyst
urface after washing and drying the catalyst, no poisoning occurs.

According to the mechanism, the desorption of H2O2 decreases
he Brønsted-base sites on the HT during the reaction, explaining
he decrease in conversion over the recycled catalyst. The forma-
ion of molecular H2O2 consumes two hydrogens from two benzyl
lcohol molecules are involved in the reaction. This process will
onsume two hydroxyl groups on the hydrotalcite. However, only
ome of the H2O2 is decomposed into hydroxylate and returned to
he hydrotalcite. Consequently, the Brønsted-basic sites on the HT
ecrease after catalytic cycle. The reactivity declines as the reac-
ion sites decrease. Meanwhile, the nature of the support will also
ffect the loading sites of the gold nanoparticles, so gold content
f the recycled catalyst is lower than the initial one. In a word,
he lower activity of the recycled catalyst is due to the decrease of
rønsted-basic sites on the HT, which reduce the catalytic sites and
old content.

. Conclusion

These heterogeneous catalysts can photocatalyze the aero-
ic oxidation of benzyl alcohol and its derivatives. The reaction
roceeds with good conversion and selectivity. Using non-polar sol-
ents is beneficial for this oxidation reaction. The gold content of
u/HT-3 and the nature of the supports strongly influence activ-

ty. The light intensity and wavelength experiments validate the
bility of the catalysts to photocatalyze the oxidation of benzyl
lcohol. A possible reaction mechanism is proposed. And this mech-
nism explains the reduction of catalytic activity when reusing it
easonably.
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