Catal Lett (2017) 147:547-565
DOI 10.1007/s10562-016-1938-8

@ CrossMark

Directed Dispersion of Au Based Catalysts at H, Reduction
Process for Aerobic Oxidation of Benzyl Alcohol

Hanfei Wang!? - Na Liu'? - Chunli Xu!” - Wensheng Dong!” - Chunling Liu'*

Received: 25 August 2016 / Accepted: 28 November 2016 / Published online: 22 December 2016

© Springer Science+Business Media New York 2016

Abstract Controlled synthesis of bimetallic catalysts has
attracted much attention in heterogeneous catalysis because
their catalytic activity depends on the size of nanoparti-
cles and hence the methods of synthesis. In this work, one
convenient method was proposed, with an aim to control
the size and dispersion of bimetallic nanoparticles. In this
method, Cu®* (or Ni**) configurational ion of hydrotalcites
was used as directing reagent, which directed the posi-
tion and dispersion of the final bimetallic nanoparticles by
employing the metal interaction between Cu and Au as the
driving force. The size, structure and composition of bime-
tallic nanoparticles were characterized using techniques
of X-ray diffraction (XRD), nitrogen physisorption, X-ray
photoelectron spectra (XPS) and scanning transmission
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electron microscopy (STEM). The mean size of bimetal-
lic AuCu nanoparticles was 2.5 nm, which was 1/4 (Step-
impregnation) or 1/10 (Co-impregnation) of that prepared
by traditional methods. Even if the loading of Au was
increased to 10 wt%, the obtained AuCu nanoparticles were
still well dispersed. The catalytic activity of AuCu and
AuNi nanoparticles in aerobic oxidation of benzyl alcohol
was far higher than those prepared by traditional methods.
The mechanism of forming bimetallic nanoparticles was
investigated. It was found that the dispersion of Cu®* (or
Ni?*) and the interaction between Cu® (or Ni’) and Au are
two key factors affecting the dispersion of AuCu (or AuNi)
nanoparticles.
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1 Introduction

Supported bimetallic catalysts have drawn increasing atten-
tion because of their promising in activity enhancement
and improved stability in many reactions through forming
new active sites and inducing synergistic effects [1, 2]. The
catalytic activity of supported bimetallic catalysts is highly
dependent on the size of nanoparticles [3, 4]. Generally a
particle size less than 3-5 nm with a narrow size distribu-
tion and compositional homogeneity are considered to be
most beneficial for the catalytic performance [5-8], and the
size of nanoparticles is highly dependent on the method of
synthesis [4].

The most traditional synthetic techniques for prepar-
ing supported bimetallic catalysts are co-impregnation and
deposition—precipitation methods [2, 9, 10]. The two meth-
ods are simple, but they can not very well control over the
size of metal particle [4]. Various new attempts in the liter-
ature were conducted to control the size of bimetallic nano-
particles by improving the conventional methods [4] or
developing new methods [11]. Sol immobilization method
have been used to control the particle growth by employing

Scheme 1 Schematic of the

stabilizer-ligands [2, 4]. However, stabilizing polymer usu-
ally affects catalytic property of their stabilized nanoparti-
cles and also increases the cost of catalysts [12]. In case
industrial applications are targeted, the sol immobilization
method is not very attractive due to the use of stabilizer-
ligands [13].

In one array of the attempted methods, stepwise deposi-
tion of metals was often employed, in which one metal was
first added to supports, followed by deposition of second
metal (Scheme 1). The deposition of the second metal was
controlled by employing a driving force, i.e., the interac-
tion between first metal and second metal. Barbier research
group utilized a driving force, i.e., surface redox reactions
between second metal and H, adsorbed on the pre-existing
metal to control the deposition of second metal [14-17].
Besides, other driving forces were also employed, includ-
ing electroless deposition [13, 18-22], galvanic replace-
ment [23, 24], and complexation [25]. These works dem-
onstrated that the procedure of controlling the deposition
of a second metal on the surface of a pre-existing metal-
lic surface are useful in controlling the degree of disper-
sion of the final bimetallic nanoparticles. They also implied
that dispersion of first metal worked as the base of the final
bimetallic nanoparticles (Scheme 1). Although the deposi-
tion of second metal was controlled in the modified meth-
ods shown above, the size of the pre-existing metal was not

Random dispersion of first metal decided

modified method reported in
the literature for preparation of
bimetallic nanoparticles

Addition
M2n+

Random dispersion
of first metal

@ Springer

the random dispersion of the bimetallic particles

Controlled deposition
of second metal

P S—

e M, (First metal)
o M," (Second metal )
o MM,

Random dispersion



Directed Dispersion of Au Based Catalysts at H, Reduction Process for Aerobic Oxidation of... 549

Well dispersion of first metal

o ® M,;"™ (First metal )
< ~» Addition > ~w” Reduction w M
,VV i T V‘V ) Y&% ° 1]:/[/[2n+ ( Second metal )
v o 2
H =t * MM,
H, i

2

. 4

V"V vmovementv J

» __l_?zi_fpetalhc

>
]
Strong interaction J{—

Controlled dispersion of second metal

Scheme 2 Schematic of the proposed method for preparation of bimetallic nanoparticles

very well controlled because of its deposition by employ-
ing the conventional impregnation [13, 19, 25] or deposi-
tion—precipitation methods [22]. These modified methods
have no control over the deposition of first metal, but con-
centrate on using the dispersion of first metal to control the
deposition of second metal. The absence in controlling the
dispersion of first metal leads to the deficiency in control-
ling the dispersion of final bimetal catalysts [26]. It will
be deduced that if the size of the pre-existing metal is also
well controlled besides the controlled deposition of second
metal, bimetallic nanoparticles can be better dispersed.
Inspired by the above deduction, we proposed a new
strategy to control the degree of dispersion of the bime-
tallic nanoparticles by controlling both the degree of
dispersion of a pre-existing metal as well as the second
metal. As shown in Scheme 2, the first metal as con-
figurational ion was well dispersed in the lattice of sup-
ports. The dispersion of second metal was controlled by
employing a driving force, i.e., alloy formation between
first metal and second metal. Hydrotalcite-like com-
pounds (HTs) are common supports [27-29], here HTs
were also employed as supports. HTs are crystalline ani-
onic clays, which are-like the naturally occurring brucite
(Mg(OH),)-composed of metal hydroxide sheets, where
the metal cations are octahedrally coordinated by hydrox-
ide ions [30]. The general formula to describe the chemi-
cal composition is [M",_ M" (OH),]A™ , -mH,0, where
MY and MM represent metallic cations, A"~ indicates the
interlayer anion, x is the molar ratio of MM+ M)
and m represents the amount of water. The cations in the
layers can be isomorphously substituted by many oth-
ers, such as Zn, Co, Ni, Mn, Fe (divalents), and Al, Cr,
Co, Fe, V, Y, Mn, Ga, lanthanides (trivalents). Herein,
we prepared Mg-Al HTs with 2:1 of Mg:Al atomic ratio,
wherein Mg?* was partially isomorphously substituted by

©/\OH Catalyst CHO
+ 02 —_—

Scheme 3 Aerobic oxidation of benzyl alcohol

Cu’* or Ni**. And then, HAuCl, was deposited on HTs
by impregnation. The HAuCl,/HTs was reduced by H, at
the elevated temperature, obtaining well dispersed AuCu
or AuNi nanoparticles. The Cu®** or Ni2*, as configura-
tional ion of HTs, was well dispersed in the lattice of HTs,
which decided the highly dispersion of Cu’ or Ni’. Cu’
or Ni’ could interact with Au’ to form the correspond-
ing alloy. Therefore, the well dispersed Cu® or Ni’, and
the metal interaction between Cu® (or Ni%) and Au®, could
well control the degree of dispersion of the final AuCu
or AuNi nanoparticles. The oxidation of alcohols to their
corresponding carbonyl compounds is one of the most
important transformations in organic synthesis, and likely
play a significant role in the development of value-added
chemicals from biomass [31-35]. Recently, Liu et al. pre-
pared Au/Cr-HTs catalysts. The strong synergy between
chromium (III)-containing HTs and gold nanoparticles
showed higher activity in the aerobic oxidation of alco-
hols [32]. Very recently, Du et al. [33] designed a flower-
like hierarchical Au/NiAl-HTs catalyst, which promoted
60% higher activity than the common Au/NiAl-HTs nan-
oparticle catalyst in the oxidation of benzyl alcohol. The
higher activity of the catalysts could be attributed to the
shape selectivity of straight macropores and the syner-
gistic between Ni and Au. Therefore, the development of
efficient catalysts, which can aerobically oxidize a variety
of alcohols to their corresponding aldehydes and ketones,
is of both economic and environmental significance. In
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this work, the bimetallic catalyst by the proposed method
exhibited good catalytic performance in the aerobic oxi-
dation of benzyl alcohol (Scheme 3).

2 Experimental
2.1 Preparation of Supports

HTs with desired atomic ratios of Cu**/Mg**/AI’* or Ni**/
Mg**/AIP" were prepared by a co-precipitation method as
described in our previous report [36]. Typically, a 80 mL
aqueous solution (Cu®**, Mg?*, and AIP*; or Ni**, Mg**,
and AI*) with a total concentration of 1.5 M and another
160 mL NaOH aqueous solution (1.5 M) was slowly drop-
wise added into 50 mL Na,COj; aqueous solution under
vigorous stirring at room temperature. The molar quan-
tity of Na,CO; employed was twice that of AP**. The pH
value of the mixture was kept constant, typically at values
between 9.5 and 10.5 by adjusting the rate of NaOH aque-
ous solution. Then, the suspension was aged at 60 °C for
18 h with constant stirring to generate the heavy slurry.
The slurry was then cooled down to room temperature,
filtered, and washed with water until the pH value of the
filtrate was near 8-9. The precipitate was dried at 110°C
overnight. The obtained HTs were denoted as HTs for
Mg?*—AP*HTs, Cu-HTs for Cu’*-Mg**—AI**HTs, and
Ni-HTs for Ni>*-Mg**—AI’* HTs, respectively. The HTs
was further calcined at 600 °C for 3 h in air. The calcined
HTs were named Cu-HTO and Ni—-HTO, respectively.
Unless other special statement, atomic ratio of Cu>*/Mg?*/
AP*(or NiZ*/Mg?*/AI**) was referred to 0.1:2:1.
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Fig. 1 XRD patterns of AuCu catalysts and their corresponding sup-
ports. a Cu-HTs, b Cu-HTO, ¢ AuCu/HTs-U, d AuCu/HTs-300, e
AuCu/HTO-300, f AuCu/HTs-600, and g AuCu/HTO-600
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Fig. 2 XRD patterns of AuNi catalysts and their corresponding sup-
ports. a Ni-HTs, b Ni-HTO, ¢ AuNi/HTs-U, d AuNi/HTs-600, and e
AuNi/HTO-600

2.2 Preparation of Catalysts
2.2.1 Catalysts Prepared by Proposed Methods

10 mg/mL AuCl,~ solution (AR, 99%, Sinopharm Chem-
ical Reagent Co., Ltd) of desired volume was added to a
beaker containing deionized water (15 mL) and supports
(1 g) to form slurry. After 2 h of stirring at room temper-
ature, the slurry was quickly dried on hot plate for 0.5 h.
The sample after preliminary drying was further dried in
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Fig. 3 XRD patterns of AuCu/HTs-300-C catalysts prepared by tra-
ditional methods: a Au impregnated before Cu (Stepwise impregna-
tion), b Cu impregnated before Au (Stepwise impregnation), and ¢
Co-impregnation
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Table 1 Nitrogen physisorption

data of supports and catalysts Entry Samples Loading amount of BEzT _stﬂrface area Pore3 vi)}ubme Poredi-
Au (Wt%) (m-g™") (em’g™") ameter
(nm)”
1 Cu-HTs - 141 0.70 16.5
2 Cu-HTO - 224 1.02 16.7
3 AuCu/HTs-U 1 119 0.72 19.2
4 AuCu/HTs-300 1 163 1.01 20.2
5 AuCu/HTs-300 2 149 0.80 229
6 AuCu/HTs-300 2.5 124 0.75 24.2
7 AuCu/HTs-300 3 119 0.65 20.6
8 AuCu/HTs-300 35 106 0.60 21.3
9 AuCu/HTs-300 5 104 0.53 26.2
10 AuCu/HTs-300 10 102 0.50 25.6
11 AuCu/HTs-600 1 195 1.11 259
12 AuCuw/HTO-300 1 120 0.47 7.3
13 AuCu/HTO-600 1 169 0.55 9.3
14 Ni- HTs - 130 0.57 13.3
15 Ni-HTO - 270 1.14 13.7
16 AuNi/HTs-U 1 109 0.64 17.5
17 AuNi/HTs-600 1 146 0.89 18.2
18 AuNi/HTO-600 1 126 0.46 8.9
19 HTs - 118 0.48 11.3
20 Au/HTs-U 1 107 0.77 21.4
21 Au/HTs-300 5 180 0.86 19.2
22 Au/HTs-300 10 104 0.62 239

4Calculated by the BET method

bCalculated by the BJH method from the desorption isotherm

oven and air atmosphere at 100 °C for 3 h. The dried sam-
ples were reduced by H, (30 mL/min) at 300 or 600 °C
for 1 h to obtain the final catalysts. The catalysts before
reduction was denoted AuM/HTs-U, while the catalysts
after reduction were named AuM/HTs-T or AuM/HTO-T,
respectively. M was referred to Cu or Ni, U was referred
to before reduction, and T was referred to reduction tem-
perature. The samples with HTO meant that the HT sup-
ports have been pre-calcined as mentioned in the previ-
ous section. Unless other special statement was shown,
loading amount of Au was referred to 1 wt% of supports.

2.2.2 Catalysts Prepared by Traditional Methods

For comparison, the catalysts were also prepared by tradi-
tional methods, such as co-impregnation method and step-
wise impregnation method.

The details for co-impregnation method were shown
below. A desired volume of HAuCl,-4H,0 solution (10 mg/
mL) and Cu(NO;),-3H,0 solution (10 mg/mL) was added
simultaneously to a beaker containing deionized water
(15 mL) and 1 g of HTs supports to form a slurry. After
2 h of stirring at room temperature, the slurry was quickly

dried on hot plate for 0.5 h. The sample after preliminary
drying was further dried in oven and air atmosphere at
100°C for 3 h. The dried sample was reduced at 300°C in
H, for 1 h to obtain final catalyst, denoted as AuCu/HTs-C.

The difference between stepwise impregnation method
and co-impregnation method was the adding sequence of
metal ions. For sequential impregnation, one ion (Au** or
Cu®*/Ni**) was first added to HTs supports. After drying,
the other ion was added using similar procedure.

2.3 Characterization of Catalysts

X-ray diffraction (XRD) patterns were recorded using an
X-ray powder diffractometer (Rigaku Co., Japan), and a
Cu-Ka Source fitted with an Inel CPS 120 hemispherical
detector. The patterns were taken over the 20 range from 5°
to 80°.

The surface area, pore characteristics and average pore
diameter of the materials were analyzed with a Micromerit-
ics ASAP 2020 HD 88 instrument. Pore volume and pore
size distribution curves were obtained from analysis of des-
orption branches of the nitrogen isotherms using the BJH
method. The samples were degassed at 140°C for 6 h in
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Temperature/C

Fig. 5 H,-TPR profiles of a Ni-HTs and b Ni-HTO

N, prior to surface area measurement. Nitrogen adsorption
and desorption isotherms were measured at 77 K. Nitrogen
adsorption data were obtained in the relative pressure range
from 0.06 to 0.30. Total pore volumes were estimated from
the amount of nitrogen adsorbed at a relative pressure of
0.995.

H,-temperature-programmed reduction (H,-TPR) was
conducted over a H,-TPR instrument (Micromeritics
Co. America) with thermal conductivity detector. After
degassed in He atmosphere at 200°C for 1 h, samples of
50 mg were heated at 10 °C/min from 40 to 800 °C in a flow
of dry H,/Ar mixture (H,/Ar, 10/90 vol) at 50 mL/min.
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Fig. 7 H,-TPR profiles of a AuCu/HTs-U and b AuCu/HTO-U

X-ray photoelectron spectra (XPS) were measured
to characterize the Cu, Ni, and Au elements valence of
catalysts. XPS experiment was carried out using an Axis
Ultra spectrometer (Kratos AnalyticalLtd., Japan) with Al
Ka X-ray source (1486.6 eV, 15 kV, 5 mA) at energy of
150 W and ultrahigh vacuum conditions of 5x 10~ Torr.
Data analysis was performed using Casa XPS software.
The electron binding energy (BE) scale of all spectra was
calibrated using C 1 s core excitation at 284.8 eV.

The scanning transmission electron microscopy
(STEM), higher solution TEM (HRTEM), EELS elemen-
tal mapping observations and energy dispersive X-ray
(EDX) were obtained using a FEI Tecnai G2 F20 instru-

ment (USA).
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Fig. 8 H,-TPR profiles of a AuNi/HTs-U and b AuNi/HTO-U

2.4 Catalytic Reactions

The aerobic oxidations of benzyl alcohol were carried out
using a 50 mL three-necked round-bottle flask equipped
with a water-cooled condenser. Typically, the reactor was
charged with 0.1 g of catalyst, 1 mmol of benzyl alcohol
and 8 mL of toluene at 100 °C for 3 h under an oxygen flow
(25-30 mL min~!). After cooling to room temperature,
N-dodecane (1 mmol), as internal standard, was added.
The resulting mixture was diluted to constant volume by
toluene in 25 mL volumetric flask. The reaction products
were analyzed by using a Shimadzu GC-2014 (Rtx-5 col-
umn, 30 mXx0.320 mm, df=0.25 pm) gas chromatograph
equipped with a flame ionization detector.

3 Results and Discussion
3.1 Catalyst Characterization
3.1.1 XRD Analysis

Figure 1 displays XRD patterns of Cu-HTs, Cu-HTO, and
AuCu/HTs before and after reduction. Cu-HTs showed
XRD patterns characteristic of HTs [37], with diffraction
peak at 11.78°, 23.54°, 34.78°, 39.38°, 46.54°, 60.76° and
62.18° (Fig. 1a). Cu-HTO showed diffraction peaks char-
acteristic of MgO [38], originated from calcination at high
temperature (Fig. 1b). The diffraction patterns of AuCu/
HTs-U before reduction (Fig. 1c) were similar with that
of Cu-HTs (Fig. la). This indicated that the impregna-
tion of Au* did not change the structure of HTs supports.
The diffraction patterns of AuCu catalysts after reduction
(Fig. 1d—g) were similar with that of Cu-HTO (Fig. 1b),
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Fig. 9 Au 4f a and Cu 2p b XPS spectra of AuCu catalysts. a AuCu/
HTs-300, b AuCu/HTO-300, ¢ AuCu/HTs-600, and d AuCu/HTO-
600

irrespective of the reduction temperature and property of
supports. No reflections corresponding to Cu or Au were
observed for catalysts because of the low loadings and low
size.

Figure 2 displays XRD patterns about Ni-HTs. The
effect of calcinations and reduction on structure of Ni-HTs
was similar with that of Cu-HTs. The XRD patterns of Ni-
HTs and AuNi/HTs-U before reduction (Fig. 2a, c) were
similar with that of HTs, while Ni-HTO, AuNi/HTs-600
and AuNi/HTO-600 (Fig. 2b, d, e) showed diffraction peaks
similar with that of calcined HTs. XRD patterns of AuCu/
HTs-300-C catalysts prepared by traditional co-impreg-
nation and step-impregnation were also determined. As
shown in Fig. 3, AuCu/HTs-300-C, irrespective of impreg-
nation method, displayed diffraction patterns characteristic
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Fig. 10 XPS spectra in Ni 2p (a) or Au 4f (b) regions of a AuNi/
HTs-300 and » AuNi/HTs-600

of MgO, which were similar with that of AuCu/HTs-300.
To be worth mentioned, diffraction peaks ascribed to crys-
talline phase of Au was observed for catalysts prepared by
traditional methods (Fig. 3 and Fig. S1). In contrast, no
diffraction peaks ascribed to Au was observed for cata-
lysts prepared by this method. This indicated that Au par-
ticles size by this work was smaller than that by traditional
method.

3.1.2 BET Surface Area and Pore Size

HTs and isomorphously substituted HTs had similar
surface area, which are in the range of 118-141 m2g~!
(Table 1, entries 1, 14, and 19). The calcined HTs displayed
higher surface area than that of HTs, which were ascribed
to the release of water and CO, during calcinations. The

surface of calcined HTs was 224 m’g~! for Cu-HTO

@ Springer

(Entry 2) and 270 m’g~! for Ni-HTO (Entry 15), respec-
tively. After impregnation of Au, the surface area of sam-
ple decreased. The surface area of AuCu/HTs-U and AuNi/
HTs-U were 119 and 109 m?g~! (Entries 3 and 16), respec-
tively, which was less than their corresponding supports
(141 and 130 ng‘l; entries 1 and 14). The surface area
of bimetal catalysts after reduction was higher than that
of both catalysts before reduction and intact supports. For
example, the surface area of AuCu/HTs-300 (Entry 4) was
163 m’g~!, which was higher than that of AuCu/HTs-U
(119 ng_l, entry 3) and Cu-HTs (141 ng_', entry 1).
With the increase of Au loading amount, the surface area
of AuCu/HTs-300 decreased. It went down to 102 m?g~!
when the loading amount was 10 wt% (Entry 10). Further-
more, reduction temperature also affected surface area of
catalysts. The surface area of AuCu/HTs-600 was higher
than that of AuCu/HTs-300. Its surface area (Entry 11)
was 195 ng‘l, which was less than that of AuCu/HTs-
300 (163 m%g~!, entry 4). Besides, mean pore diameter of
all samples were in the range of 7.3-26 nm. This indicated
that all the catalysts were mesoporous. The pore size dis-
tributions are shown in the supporting information (Fig.
S2). The results showed that the catalysts contained a large
amount of mesopores and a small amount of micropores
after thermal treatment.

3.1.3 H,-TPR Analysis

Figure 4 shows TPR profiles for Cu-HTs and Cu-HTO.
Both of them displayed one major reduction peak and one
minor reduction peak. Cu-HTs showed one major peak cen-
tered at around 348 °C and one minor peak around 433 °C.
The reduction peak of Cu-HTO shifted to lower tempera-
ture, which centered at 318°C (major peak) and 398°C
(minor peak), respectively. As shown in Fig. 5, TPR curves
of Ni-HTs and Ni-HTO exhibited only one reduction peak
centered at 690°C. TPR profiles for supported Au also
showed one reduction peak (Fig. 6), which located around
437°C for Au/HTs-U and 416 °C for Au/HTO-U, respec-
tively. TPR patterns for supported AuCu displayed one
broad peak from 214 to 420 °C for AuCu/HTs-U, and from
168 to 367 °C for AuCu/HTO-U (Fig. 7). The broad peak
may correspond to the reduction of Cu?* to Cu’, and Au**
to Au’ [39]. It is clear that Cu on the AuCu/HTs catalyst
lowered the reduction temperature of Au®*. TPR patterns
for supported AuNi contain more reduction peaks than
that of AuCu catalysts (Fig. 8). Curves of AuNi/HTs-U
displayed two sharp peaks located at 266 °C and 414°C,
and one broad peak around 654°C. Profiles of AuNi/
HTO-U displayed three sharp peaks located at 247, 315,
and 443 °C, respectively, as well as one broad peak around
717 °C. Compared with HTs supported catalysts, the reduc-
tion peak of HTO samples started at lower temperature. For
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Fig. 11 STEM images for a
Cu-HTs-300 and b Cu-HTs-600

Mean = 4.7 nm
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example, AuCuw/HTO started at 168 °C, which was 36°C
lower than that of AuCu/HTs (Fig. 7). The difference in the
reduction peak between HTs and HTO may be ascribed to
their difference in metal dispersion, since dispersion affects
reduction temperature of elements [40]. The difference in
the dispersion between HTs and HTO may be due to calci-
nation because calcination may result in sinter of nanopar-
ticles [41].

3.1.4 XPS Analysis

Figure 9 shows Au 4f and Cu 2p XPS spectra of AuCu/
HTs-300, AuCu/HTO-300, AuCu/HTs-600, and AuCu/
HTO-600. XPS spectra of Au 4f region for all the samples
could be fitted with maximum peaks at 87.4 and 83.8 eV
binding energies, which are characteristic of Au’. No Au 4f
spectra ascribed to Au®* was observed, indicating that
Au’** was completely reduced to Au®. XPS spectra of Cu 2p
for all the samples exhibited characteristic peaks of metal-
lic Cu. No Cu®" was detected, suggesting that Cu also had
been reduced completely.

Ni 2p and Au 4f XPS spectra of AuNi/HTs-300 and
AuNi/HTs-600 are shown in Fig. 10. Ni 2p XPS spectra of
AuNi catalysts varied with reduction temperature. AuNi/
HTs-300 exhibited maximum peak at 872 and 855 eV

Mean = 6.7 nm
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04
23456 7 8 910111213141516
Particle Size / nm

binding energies, which are characteristic of Ni**, while
AuNi/HTs-600 presented maximum peak characteristic of
Ni°. In the case of Au 4f XPS spectra, both AuNi/HTs-300
and AuNi/HTs-600 showed maximum peaks at 87.4 and
83.8 eV binding energies, which are characteristic of Au’.
This indicated that metal Ni on AuNi/HTs could not be
reduced at 300 °C, and the reduction could be completed at
600 °C. This result was in accordance with that of H,-TPR.

3.1.5 STEM Analysis of Supports and Catalysts

3.1.5.1 Mean Size of Bimetallic Nanoparticles Figure 11
shows STEM images for Cu-HTs-300 and Cu-HTs-600.
The size of Cu nanoparticles was 4.7 nm when reduced at
300°C. When reduced at 600 °C, the size of Cu nanoparti-
cles was increased to 6.7 nm. This indicated that reduction
temperature affected the dispersion of Cu nanoparticles.
After impregnation of Au, the formed AuCu nanoparticles
were observed. As shown in Fig. 12, AuCu/HTs-300 and
AuCu/HTO-300 nanoparticles were well distributed. Their
mean size was 2.5 nm and 2.8 nm, respectively. In contrast,
AuCu/HTs-600 and AuCu/HTO-600 displayed higher size,
which were 7.3 nm and 8.1 nm, respectively. The high size
of the latter two AuCu catalysts may be due to the effect of
calcinations temperature since they were reduced at 600 °C.
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Fig. 12 STEM images and
metal particle size distributions
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Effect of Au loading amount was also investigated. As  of loading amount although their size increased slowly with
shown in Fig. S3 (Supporting information), AuCu nanopar-  loading amount. The mean size was 2.7 nm for 2 wt% load-
ticles had narrow size distribution in the investigated scope  ing (Fig. S3a) and 2.9 nm for 2.5 wt% loading (Fig. S3b).
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Fig. 13 STEM images and

metal particle size distributions a
for AuCu/HTs-300-C catalysts

by traditional methods. a Au

impregnated before Cu, b Cu

impregnated before Au, and ¢
Co-impregnation of Cu and Au

200 nm

Those sizes were slightly higher than 2.5 nm of AuCu/
HTs-300 with 1 wt% loading (Fig. 12a). It rose to 4.6 nm
when loading amount was increased to 10 wt% (Fig. S3f).
For comparison, AuCu was also prepared using traditional
methods. As shown in Fig. 13, the mean size of AuCu by
co-impregnation was higher than that by sequential impreg-
nation. The former was around 23.1 nm, while the latter
was 10 nm. Compared with those prepared by the proposed
method, AuCu nanoparticles by traditional work showed
far higher size whether the used method was co-impreg-
nation or sequential impregnation. For the same amount of
Au loading, the size of AuCu/HTs-300-C (10.4~10.7 nm,

Mean = 10.41 1.8 nm
N=100
T
7 8 9 10 11 12

Particle Size / nm
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Fig. 13a and b) by sequential impregnation was four times
higher than that of AuCu/HTs-300 by this work (2.5 nm,
Fig. 12a). The size of AuCu/HTs-300-C (23.1 nm, Fig. 13c)
by co-impregnation was almost 10 times higher than that of
AuCu/HTs-300 by this work (2.5 nm, Fig. 12a).

Effect of Cu content was investigated. As shown in
Fig. 14a, when Cu:Mg:Al molar ratio was 0.05:2:1,
the obtained size of AuCu nanoparticles was 2.4 nm,
which was similar with that for 0.1:2:1 (Fig. 12a). When
the molar ratio was above 0.1:2:1, the mean size was
increased. It went up to 10.2 nm for 0.5:2:1 and 25.7 nm
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Fig. 14 STEM images and
metal particle size distribu- a
tions of AuCu/HTs-300

versus Cu:Mg:Al molar ratio. a
0.05:2:1,b 0.5:2:1, and ¢ 1:2:1

——— 500 nm

for 1:2:1 molar ratio. This indicated that Cu amount
affected the size of AuCu nanoparticles.

The mean size of AuNi catalysts was also determined.
As shown in Fig. 15, the mean size of AuNi/HTs-300 was
7.8 nm, which slightly decreased to 6.3 nm (i.e. AuNi/HTs-
600) when reduction temperature was increased to 600 °C.
The mean size of AuNi/HTs-600-C, i.e., the AuNi cata-
lysts by traditional method, was 8.7 nm, which was slightly
higher than that of AuNi/HTs-600 by traditional method.
It was obvious that the property in size of AuNi catalysts
was different from that of AuCu catalysts. The size of AuNi
reduced at 600°C was smaller than that at 300 °C, while
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contrary phenomenon was observed for AuCu catalysts.
Besides, the mean size of AuCu catalysts by this work
was far smaller than that by traditional work, however,
the discrepancy between this work and traditional work
was small for AuNi catalysts. The mechanism for the spe-
cialty of AuNi catalysts was discussed in the section about
mechanism.

3.1.5.2 Composition of AuCu Nanoparticles The micro-
structure and compositions of AuCu nanoparticles were
characterized by a STEM with EDS. As shown in Fig. 16,
the EDS line scan analysis indicated the nanoparticles were
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Fig. 15 STEM images and
metal particle size distributions
for AuNi catalysts. a AuNi/HTs-
300, b AuNi/HTs-600, and ¢
AuNi/HTs-600-C

50 nm

homogeneously AuCu mixed structure irrespective of load-
ing amount and reduction temperature. The EDX mapping
images of a selected nanoparticle on the surface of AuCu/
HTs-600 were also determined (Fig. 17). The mapping
images further confirmed that Au and Cu mixed homoge-
neously. The homogeneous structure of AuCu bimetallic
nanoparticles indicated that there was one kind of interac-
tion between Cu and Au which resulted in their mixture,
since Cu and Au was added to supports stepwise. In ther-
modynamics, the process of forming alloy between Cu and
Au is spontaneous [41]. Therefore, it is possible that the
interaction is the force of forming alloy. In order to verify
the inference, HRTEM was carried out to further reveal the
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microstructure of the nanoparticles. As shown in Fig. 18,
the interplanar spacing of nanoparticles was 2.12 A for
AuCu/HTs-300 and 2.19 A for AuCu/HTs-600, which was
between 2.09 A (Cu,;;) and 2.35 A (Au,,,). This indicates
that Au and Cu mixed homogeneously and formed the struc-
ture of alloy.

3.2 Mechanism Forming Bimetallic Nanoparticles
and Factors Affecting the Dispersion of AuCu
Nanoparticles

Based on analysis of XRD, XPS, TPR, and STEM, the
mechanism to prepare bimetallic nanoparticles was
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Fig. 16 STEM images (left)
and intensity profiles (right) of
Cu (M) and Au (M) components
in the nanoparticles obtained by
a EDS line scan analysis (along
the dark line in the correspond-
ing STEM images from left to
right). a 1 wt%AuCu/HTs-300,
b 5 wt%AuCu/HTs-300, and ¢

1 wt%AuCu/HTs-600

proposed, as shown in Scheme 2. The dispersion of Cu®*
as configurational ion of HTs, which isomorphously sub-
stituted for Mg?* in the crystal lattice of HTs, could be well
controlled by adjusting its contents in HTs. After impreg-
nation, Au** was randomly deposited on the surface of
HTs supports. Upon reduction, there is one kind of interac-
tion, i.e., interaction between Cu” and Au’. The interaction
drove Au’ to the position of Cu® and hereafter formed alloy.
Thereafter, configurational ion Cu®**of HTs directed the
position of the final AuCu nanoparticles on the surface of
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HTs supports. Accordingly, the dispersion of Cu**decided
the dispersion of the final AuCu nanoparticles. The direc-
tion was realized by the interaction between Cu® and Au’.
Hence, dispersion of Cu?*and the interaction between Cu’
and Au’ are two key factors affecting the dispersion of
AuCu nanoparticles.

Dispersion of Cu>* could be tuned by adjusting its con-
tents in the HTs supports. The change in dispersion of Cu**
could affect the dispersion of the final AuCu nanoparti-
cles. That is, Cu*" amount affect the dispersion of the final
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Fig. 17 STEM-EDS profile 3

of AuCu/HTs-600. a STEM ‘
images of AuCu/HTs-600, L
b-d EDX mapping images “, *
of a selected nanoparticle (in A
the square of a): b Au and Cu

bimetallic composition, ¢ Cu -
signals, d Au signals, e EDS l
spectra of the catalyst
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AuCu nanoparticles. As shown in Fig. 14, it was found that
Cu amount affected the size of AuCu nanoparticles. These
experimental results verified our deduction.

The interaction between Cu® and Au® could be tuned
by controlling the reduction temperature of catalysts.
The appropriate reduction temperature for each bimetal-
lic ion should be near each other. TPR analysis showed
that the appropriate reduction temperature for Cu** and
Au* was near other, which corresponded to the low size
of AuCu/HTs-300. If the discrepancy between reduction

temperatures of two metals was too large, dispersion of
configurational ion, i.e., the first metal, and the interac-
tion between first metal and Au® could not play their role in
directing the position and dispersion of the targeted bime-
tallic nanoparticles (Scheme 4). As shown in Figs. 5 and 6,
there is a big discrepancy in the optimum reduction temper-
ature between single Ni and single Au. The XPS spectra for
AuNi bimetal in Fig. 10 showed that the reduction of Au>*
was completed at 300 °C, while none Ni** was reduced at
300°C, and Ni** was completely reduced at 600°C. The
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Fig. 18 HRTEM image of a
AuCu/HTs-300 and b AuCu/
HTs-600

j j j j j \ Addition

)
> ===~ X
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(]
[ ]
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Scheme 4 Schematic representation of the controlled synthesis approach for an AuNi bimetallic catalyst

discrepancy in the reduction temperature could explain
the property of AuNi/HTs (Fig. 15) reduced at 300°C and
600 °C, respectively. The nanoparticles of AuNi/HTs-300
had a broader distribution than that of AuNi/HTs-600. As
shown in Scheme 4, at 300°C, the interaction between Ni’
and Au’ was weak since the reductive degree of Ni*™ was
low. Consequently, the dispersion of Ni*Tand the interac-
tion between Ni® and Au® did not play their role well in
directing the position and dispersion of AuNi nanopar-
ticles. At 600°C, Ni>* was completely reduced, so the
metal interaction was increased. This explained the reason
of the lower size and narrower distribution of AuNi/HTs-
600. However, the size of AuNi/HTs-600 was bigger than
that of AuCu/HTs-300 although alloying force did work.
The higher in the size of AuNi/HTs-600 was due to the
increased size of Au nanoparticles. Before Ni** was com-
pletely reduced and metal interaction between Au and Ni
did not work, the single Au nanoparticles were already sin-
tered because of the increased reduction temperature.
Besides guaranteeing the complete reduction of every
bimetallic ion, appropriate reduction temperature could
avoid the sinter of bimetallic nanoparticles. If reduction

@ Springer

temperature was set above the appropriate reduction tem-
perature, bimetallic nanoparticles would sinter although
bimetallic ions could be completely reduced. As shown in
Fig. 12, 300 °C was appropriate reduction temperature for
AuCu bimetal, while 600 °C was highly above 300 °C and
led to the sinter of the bimetallic nanoparticles.

In order to verify the mechanism shown above,
AuCuNi/HTs-600 was prepared (Fig. 19). The size of
AuCuNi/HTs-600 was 2.1 nm and similar or even smaller
than that of AuCu/HTs-300, which was far smaller than
that of both AuCu/HTs-600 and AuNi/HTs-600. This
indicated that AuCuNi/HTs-600 avoided both the sinter
of AuCu/HTs-600 arising from the increased tempera-
ture, and the high size of AuNi/HTs-600 resulting from
the sinter of single Au nanoparticles at increased tem-
perature. At temperature below 600°C, dispersion of
Cu**and the interaction between Cu® and Au’ directed
the dispersion of AuCu nanoparticles. At 600 °C, disper-
sion of Ni**and the interaction between Ni’ and AuCu
directed the dispersion and inhibited the sinter of AuCu
nanoparticles. The low size and narrow distribution of
nanopaticles on AuCuNi/HTs-600 proved our deduction.
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Fig. 19 STEM images and
metal particle size distributions
for AuCuNi/HTs-600 catalyst
with different Cu:Ni:Mg:Al
atomic ratio. a 0.02:0.1:2:1 and
b 0.05:0.1:2:1

Table 2 Aerobic oxidation of
benzyl alcohol over various
catalysts
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N=100
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Particle Size / nm
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Entry Catalysts Mean size (nm) Practical metal loading ~ Benzaldehyde TOF¢/

(Au+Cu or Ni)? yield® h~!
(%)

1 AuCu/HTs-300-C 17.1 0.92 wt%+3.89 wt% 46 255

2 AuNi/HTs-600-C 9.4 0.88 wt% +4.02 wt% 33 256

3 AuCu/HTs-300 2.5 0.84 wt% +3.79 wt% 92 704

4 AuNi/HTs-300 7.8 0.89 wt% +4.05 wt% 67 398

5 AuNi/HTs-600 6.3 0.91 wt% +3.92 wt% 85 532

6 AuCuNi/HTs-600 2.0 0.90 wt% + 1.88 wt% 94 684
+3.95 wt%

7 Cu-HTs-300 - 4 -

8 Cu-HTs-600 - 5 -

Reaction conditions: 100 mg catalyst, 1 mmol benzyl alcohol, 8 mL toluene, O, bubbling (25-30 mL
min~"), 100°C, 3 h

“Determined by ICP-OES
®Yields of benzaldehyde were determined by GC

“Turnover frequency=(mole of benzyl alcohol converted after 0.5 h)/(reaction time (0.5 h) x mole of total
loading of gold; the amount of catalyst was 0.05 g

3.3 Performances of the Bimetal Catalysts in Aerobic those prepared by traditional methods. As shown in
Oxidation of Benzyl Alcohol Table 2, benzaldehyde yield was below 46% and TOF

was <256 h™! for bimetallic catalysts prepared by tradi-

The catalytic performance of bimetallic catalysts pre-  tional methods in the aerobic oxidation of benzyl alco-
pared by this work were tested and compared with  hol (Entries 1-2). 92% of benzaldehyde yield and TOF
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(704 h™") was obtained by AuCu/HTs-300 (Entry 3),
which was far higher than that by traditional method.
The 704 h~! of TOF was also far higher than 400 h~!
of Au/Cu-HTs in reference [32]. This indicated that the
catalysts prepared by this work showed higher activ-
ity than those by traditional methods. The benzaldehyde
yield by AuNi (i.e., AuNi/HTs-300 and AuNi/HTs-600)
was between 67 ~85% (Entries 4-5), which was higher
than that by AuCu/HTs-300-C or AuNi/HTs-600-C (Tra-
ditional method) but lower than that by AuCu/HTs-300
(This work). The medium activity of AuNi catalyst was
ascribed to its high size. The reason for its high size has
been discussed in the previous section. However, the
activity of AuCuNi/HTs-600 (Entry 6) was similar with
that of AuCu/HTs-300. The high activity of AuCuNi/
HTs-600 was also in accordance with the low size of
AuCuNi nanoparticles.

The reusability of AuCu/HTs-300 catalysts was also
investigated. Table S1 displays the results of recycling
experiments of catalysts. The conversions of benzyl alco-
hol by fresh catalysts were 92%. The conversion decreased
from 92% in the first run to 40% in the second run. After
second run, the yield did not change apparently. The lower
reusability of the catalysts may be due to the leaching of
Mg?* and the stability of gold particles [42]. In the future
work, we will continue to improving our methods to solve
this problem.

4 Conclusions

In this work, one convenient method was proposed to pre-
pare bimetallic catalysts. The mean size of AuCu/HTs-300
by this new method was 2.5 nm, which was 1/4 (Sequen-
tial impregnation) or 1/10 (Co-impregnation) of the size
of catalysts by traditional method. Furthermore, the for-
mer yield of benzaldehyde was 92%, while the latter was
below 46%. The prepared catalysts showed higher activity
than that of the catalysts by traditional methods. This dem-
onstrated that the proposed method was successful. In this
proposed method, configurational ion Cu**of HTs directed
the position and dispersion of the final AuCu nanoparticles
on the surface of HTs supports. The direction was realized
by employing the interaction between Cu’ and Au’. It was
found that dispersion of Cu®** (or Ni*") and the interaction
between Cu’ (or Ni% and Au® are two key factors affect-
ing the dispersion of AuCu nanoparticles. The dispersion
of Cu** (or Ni**) could be controlled by adjusting their
contents in HTs supports. The interaction between Cu® (or
Ni%) and Au® could be controlled by regulating the reduc-
tion temperature. This method could be applied to the con-
trolled synthesis of other bimetallic or trimetallic catalysts.
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