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A series of novel
PdAWFe0,@LDH (x: Pd loading in wt%, r: Au/Pd molar ratioDH: layered doub
hydroxide, here refers the typical MgAI-LDH) wergnshesized by a facilgolyol
followed sol
FesO,@LDH. Systematic characterizations reveal that theiddacatalysts possess
honeycomb-like core@shell, and the ultrafine PdMlayananoclusterswith the size i

magnetic recyclable Pd-Au namstelis (NCs) catalysts x-

immobilization of PdAPVP on core@shellsuppor

1.70-2.55 nm highly dispersed on the LDH nanoplatesl. The obtained catalysts 1.0-

Keywords:

PdAu alloy nanoclusters
core@shell structure
magnetism

Heck reaction

PdAWFe0O,@LDH (r: 0.11, 0.16 and 0.48) showigher Heck activity of iodobenze
with styrene than monomentallic ones, especiallPdAuy, ;dFe0,@LDH displays th
highest Heck activity under the optimal conditidforeover, the catalystsan be applie

for the Heck reaction of a variety of aryl halidegh alkenes, and can be conveniently
separated by an external magnet and reused tenvithmait significant loss of activity.

2018 Elsevier Ltd. All rights reserved

1. Introduction

Palladium-catalyzed Heck coupling reaction are irtgodr
means for the construction of C-C bands between lalities

followed PdC]} reduction by ascorbic acid, and the latter showed
higher yield of stilbene (90%, 3 h) in the Heck teat of
iodobenzene with styrene than the former (80%, 3ig to
Au@Pd core-shell nanobranches exposing more aciies. s

and alkenes [1-3Jand is applied widely in the synthesis of Lowever, the study on PdAu alloy catalysts for thekteaction
natural products [4bharmaceuticals [5] and fine chemicals [6]. js rarely published in previous reports except [#8, far from

Heterogeneous Pd catalysts [7-11] applied in the Hea&tion is
favored over conventional homogeneous Pd cataljis?s14]
because of the low-cost, easy separation for rditgatand
environment-friendliness of the former, thus becmnia
preferred alternative. In order to develop hightyivee Pd-based
catalysts, alloying Pd with a second metal has ptaeebe a
promising research strategy [15-26ving to their unique
physical and chemical properties which are diffesgnificantly
from their monometallic counterparts. Among the Rddad alloy
catalysts fabricated so far, PdAu alloy catalyses especially
fascinating due to the obviously enhanced catajygidormance
in methane oxidation [16phenyl isocyanide oxidation [17] and
C-C coupling reactions [18-20]. Chehal. [19] prepared AuPd
alloy nanocrystals enveloped in Si@anorattles (AuPd@ S§P
via one-pot hydrothermal method, and the

obtaine

the tiny PdAu alloy nanoclusters catalyst. Moreovéng
separation of previously reported PdAu alloy catslysuffers
from time- and power-consuming. Therefore, develapmef
highly active and easily recyclable PdAu bimetalkdloy
nanoclusters catalysts for the Heck reaction islpidasired.
Recently, magnetic core@shell nanocomposite withtimul
functional combination, as an extraordinary can@iddo
traditional supports for preparing high performanatalysts, has
drawn increasing attention [21-23] because of itSque
advantages of both core and shell evolving (1) redgn
characteristic of core with efficient separation feasability, and
(2) well-defined dispersion of active metal siteSand intrinsic
acid/basic sites for promoting catalytic activiyu et al. [21]
cFﬂrepared Si@coated iron oxide (R®./SiO,) hybrid modified by
ulticarboxylic hyperbranched polyglycerol (HPG) &wolled

AuPd@SIO, (-8.1 nm) catalyst showed a higher Suzukigjrectly growth of Pd NPs (4.0 + 0.4 nm) from Pd@iQeduced

reaction activity (boromobenzene conversion: 99.8% eiphenyl
selectivity: 99.3%, 30 min) than Pd@ SiKhashabet al. [20]

by NaBH, giving FeO,/SiO/HPG-Pd catalyst, which showed
high activity for the Heck reaction of iodobenzerhlj with

reported oleylamine-AgPdsg alloy NPs (10-15 nm) catalyst by siyrene at 146C using base additive NaOAc in DMF (stilbene

high temperature chemical reduction of Ay@nhd PdGl and
Au@Pd core-shell nanobranches one by oleylamine-Au (R®s

yield: 93%, 6 h) and slight loss of activity in tHdé¢h run on
magnetic separation. However, though these magnetic

nm)-mediated method with CTAB as phase transfer @genore@shell Pd-based catalysts show excellent cataisgperty,

*Theses authors contributed equally to this work.
*Corresponding authofel: +8610-6442 5872; Fax:+8610-
6442 5385. E-mail addresses: huizhang67@gst21.com.

the preparation and surface modification of the metig
core@shell support suffers from long operation qoi and
tedious synthetic procedures, which greatly limite practical
application of such core@shell materials. The legedouble
hydroxide (LDH), as a typical layered material, hagrb widely
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applied in catalysis owing to its adjustable surfawidity-
basicity, high surface area and uniquely posithagrged 2-
dimensional hydroxide nanolayers [2@bmbination of magnetic
iron oxide with LDH, which contains the easy separatif
magnetic material and the advantages of LDH, is anfiag
class of magnetic composites. Zhaetgal. [25,26] reported a
novel core@shell hybrid E®,@MgAI-LDH via a one-step
coprecipitation as superparamagnetic support lgadenogold
for highly efficient oxidation of 1-phenylethanol twout base
additive, and it showed good recyclability upon n&tgn
separation. Additionally, it is reported that thesibasurface of
the LDH can greatly facilitate the oxidative additistep in the

Heck reaction [11]Clearly, assembly of magnetic recyclable

LDH supported Pd-Au bimetallic nanoclusters catalyststhe
Heck reaction is highly desired.

Herein, a series of novel hierarchical magnetic @msbell
catalysts x-PdAUFe;0,@LDH (x: Pd loading in wt%, r: Au/Pd
molar ratio) were fabricated by a facile polyol retion-sol
immobilization method and systematically charagtdi The
effect of Au/Pd ratios and Pd loadings on the srel size
distribution, electron density and surface compas#t of PdAu
nanoclusters on the catalysts with unique honeyclkab-
core@shell structure, thus on the Heck reactivity waeply
studied. The reaction rate constant and appar¢émaaon energy
of the Heck reaction over the present catalystsdatermined.
Moreover, the substrate adaptability and recydlgbidf the
catalyst was tested.

2. Experimental section

2.1 Materials

All chemicals were of analytical grade and used asived
without further purification. Ethylene glycol (EG),,®0;, KCI
and N, N-dimethylformamide (DMF) were supplied froraijidig
Chemical Works, and poly (N-vinyl-2-pyrrolidone)yP, MW =
58000) from XiLong Chemical Corporation. PdCétyrene and
bromobenzene were purchased from Tianjin Fuchen @€aém
Reagents Factory, and HAu&H,0O from Sinopharm Chemical
Reagent Co., Ltd.. Methyl acrylate, ethyl acrylatalobenzene
and other aryl halides were purchased from Aladdihe T
deionized water with a resistivity > 18.25(Mcm (25°C) was
employed in the whole work.

2.2 Synthesis of magnetic support

Submicrospheres E@, (~526 nm) were prepared via a
surfactant-free solvothermal method in our previawsk [27].
Next, the black F®, powder (1.0 g) were ultrasonically
dispersed in deionized water (100 mL) to give anfaum

Mg?*, AP,
OH-, COZ~ -

Fe,0,@LDH

Sol Immobilization

suspension. An alkaline aq. solution (100 mL) of Na@-0Z
mol) and NaCGO; (0.006 mol) was added dropwise into the above
suspension until pH ~10 and kept for 5 min. Thergtlker aq.
solution (100 mL) of Mg(N@,-6H0 (0.009 mol) and
Al(NO3);-9H,0 (0.003 mol) was added dropwise into the above
suspension under vigorously stirring with constantgd 10 kept

by simultaneously adding above alkaline solutiome Tblack
slurry was magnetically separated by a NdFeB magh#b (T),
washed by water until pH ~7, and dried af6Mvernight giving
the support F©O,@MgAI-LDH (denoted as R®,@LDH). The
reference support MgAI-LDH (denoted as LDH) was prepared
according to our previous wofR8].

2.3 Synthesis of magnetic PdAu alloy nanoclustetalysts

The synthesis of PdAWPVP alloy nanoclusters (NCs) with
varied Au/Pd molar ratios were realized via a polgduction
method according to the previous report [29pically, 0.97 g
PVP was dissolved into an ag. solution (150 mL) dairtg
K,PdCl, (0.141 mmol PdGl and 0.282 mmol KCI) and
HAuCl,;-4H,0 (0.0254 mmol) with Au/Pd ratio of 0.18 and
PVP/(Pd+Au) ratio of 0.1 under vigorous stirring tolled
adding 50 mL EG at room temperature. Then the m@sulvas
refluxed at 140°C for 2 h forming a dark brown colloidal
dispersion. After cooling to room temperature, thepport
Fe;0,@LDH (1 g, the amount of support was fixed on a design
Pd loading of 1.5 wt%) was added to the above cdlloid
dispersion under vigorous stirring and kept for tb immobilize
the PdAWPVP colloid on the surface of support. The restltan
was magnetically separated by a magnet, washed @&l atr60
°C for 24 h to yield a black powder denoted as 1.0-
PdAW 1/Fe:0,@LDH (both Au/Pd ratio 0.16 and Pd loading 1.0
wt% upon ICP). The catalysts with varied Pd loadingse
obtained by adjusting amount of the magnetic suppesulting
in products x-PdAg,dFe;0,@LDH with x = 0.5, 0.1 and 0.05
(by ICP), respectively. Then, adjusting the amouoft
HAuCl,-4H,0 to 0, 0.0155 and 0.0761 mmol in 150 mL ag.
solution of KPdCl, and HAuC}-4H,0 on Au/Pd = 0, 0.11 and
0.54 and the amount of PVP to 0.82, 0.91 and 1.26ng
PVP/(Pd+Au) = 0.1, respectively, and keep other d@m
constant, giving the monometallic catalyst Pgdz@LDH and
bimetallic catalysts 1.0-PdA&e,0,@LDH (r = 0.11, 0.48 on
ICP). The monometallic catalyst Aufea@LDH was prepared
by the same method but withoutRdCl,. Another monometallic
catalyst Au/FeO,@LDH-1 was prepared by Au nanoclusters
precursor method according to our previous worktajtie in
Electronic Supplementary Information (ESI36]. Scheme 1
depicts the design schematic of the magnetic PdAay al
nanoclusters catalysts.

PVP PdAu,-PVP

. . ]
x-PdAu,/Fe,0,@LDH

Scheme 1. The design schematic of the magnetic PdAu alloy dasters catalysts.



2.4 Characterization

In situ diffuse reflection infrared Fourier transform
spectroscopy (DRIFTS) was carried out on a Brukerexem0
instrument containing a controlled environment cham
equipped with CaFwindows to study the surface structure and
composition of metallic NCs on the catalyst. The DRSF
spectra were recorded by using wafers in the formseif-
supporting pellets of the catalysts powder mounted ai
homemade ceramic cell. The catalyst was pretreateit iflow

(50 mL/min) at 25°C for 0.5 h. The sample was scanned to get a

background record. Then catalyst was exposed to 8dO(50
mL/min) for 1 h, subsequently the cell was purgecwdit for 1

h. Finally measurement was conducted in Ar atmosphietent*
resolution by averaging 64 scans. Hydrogen tempeat
programmed reduction (TPR) was realized on a Mictdme
ChemiSorb 2750 chemisorption instrument equippecdh vet
thermal conductivity detector. The sample (30 mgy Wsaded
into the bottom of a quartz reactor and heated 2&?C to 150
°C with a heating rate of &/min in Ar flow (50 mL/min) and
kept for 1 h, then cooled to 28, followed by keeping a stream
of 10% H in Ar (50 cni min™) with a heating rate of /min
from 25 °C to 300 °C. TGA-MS thermograms for surface
transient organometallic intermediate (named as ISTO
preparation details in ESI) of the Heck reaction wermrded on
a PerkinElmer Diamond TG/DTA/DSC ThermoStarTM
instrument to explore the Heck reaction mechanism.the
experiment, the sample (6.4 mg) was heated froAC20 900°C
(10 °C/min) in a N flow. 'H and *C NMR spectra of the
coupling products (dissolved in CD{Iwere obtained on an
AV600 NMR spectrometer (Germany) operating at 600.13MH
relative to tetramethylsilane (TMS, 0.00 ppm). Tiether
characterization techniques and instruments inofygowder X-
ray diffraction (XRD), FT-IR, inductively coupled @aa atomic
emission spectroscopy (ICP-AES), SEM, (HR)TEM,, N
adsorption-desorption isotherm, high-angle annwdark-field
scanning transmission electron microscopy (HAADF-STEM
vibrating sample magnetometer (VSM) and X-ray phletieon
spectrometer (XPS) were identical to our previousmsg26,28].

2.5 Catalytic activity test

The Heck reaction was carried out in a 25-millilithree-
necked flask attached a reflux condenser under atigstirring.
Aryl halide (1.0 mmol), alkene (1.5 mmol),,&0; (3 mmol),
catalyst (0.3 mol% Pd with respect to aryl halid®yjF (12 mL)
and HO (4 mL) were mixed in the flask, then the reaction
proceeded at 1T under refluxing. Throughout the process, 0.2
mL mixture were pipetted every 30 min, filtered byNglon 66
filter (3 mm x 0.22um) and analyzed by gas chromatograph
(Agilent 7890A) equipped with a FID and a Agilent J&K BP-
capillary column (5% phenyl polysiloxane, 30 m 2®.mm x
0.25 um). After 1 min at 78C, the column chamber was heated
from 70°C to 150°C with a heating rate of 2L/min and kept
for 1 min, then heated to 27& at a heating rate of 2&/min
and kept for 3 min. The catalytic activity of thatalyst was
evaluated on the basis of turnover frequency (Tiodles of aryl
halide converted per moles of Pd per hour). Aftangietion of
the reaction, the catalyst was magnetically separatan the
mixture. The filtrate was extracted by ethyl acetdige organic

3.  Results and discussion

3.1 The crystal Structure, composition and morpgylo
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Fig. 1 XRD patterns of 1.0-PdAuy/Fe0,@LDH (a) x-
PdAW, 1dFe:0,@LDH (x = 1.0(b), 0.5 () and 0.1 (B), 1.0-
PdAW, .dFe:0,@LDH (c), Pd/FeO,@LDH, Au/FeO,@LDH,
the support F©,@LDH and FeO,.

Fig. 1 shows the XRD patterns of a series of magoatalysts
x-PdAu/Fe0,@LDH (x = 1.0, 0.5 and 0.1 wt% of Pd, r = 0.11,
0.16 and 0.48) compared to monometallic catalybes,support
Fe,O,@LDH and FeO, The FgO, sample shows intense
diffractions indexed to (111), (220), (311), (40422), (511)
and (440) planes ofcc magnetite (JCPDS 19-0629), and the
particle size from Debye-Scherrer formula on (314¢ lis 27.7
nm (Table S1), close to the critical dimension bé tsingle
magnetite domains (~30 nm) [3@hplying superparamagnetic
characteristic of the preparedsBg For the series of catalysts
and the support, besides the sharp lines gdfphase, a series
of weak but clear lines at ~12.®03), 22.8(006), 34.7 (012)
and 60.6 (110) are observed [31yyhich can be indexed to
typical hcp carbonate-LDH phasBlotably, the intensity ratio of
l11d/1003 for F&O,@LDH is 0.71, clearly larger than those of pure
LDH of 0.26 (Table S1), suggesting the oriented grosfthDH
with ab-face vertical to the surface of & core [25,26]. Noted
that the XRD lines of all the x-PdA&eO,@LDH catalysts
clearly show a weak single peak of PdAu crystallieslarged
patterns in Fig. 1) at2located between the peak positions of
Au(111) (38.8) (JCPDS 04-0784) and Pd(111) (49.0JCPDS
46-1043), implying the formation of highly dispedsé®dAu
nanoalloys in the obtained catalysts.

The FTIR spectra of the catalysts x-Pdfka;,0,@LDH
compared to the support (Fig. S1) show broad andngtr
absorption at ~3450 chrdue to the hydroxyl stretching vibration
rising from M-OH groups on the LDH nanoplates [31,3%].
sharp absorption dt379 cnit and a weak one at 868 ¢rman be
assigned to the; (asymmetric stretching) ang (out-of-plane
deformation) modes of GO ions, respectively [32]. While a
peak at ~428 cth(not shown in F€,) can be assigned to the M-
O lattice mode of LDH [22,33], and the sharp ban8igat cm' to
the Fe-O mode of K®, [27]. These observations clearly imply
the well-defined assembly of GO-LDH and FgO, phase. As

phase was thoroughly washed with saturated NaCl snlutiofOr weak bands a2923 and 2853 cthof all the catalysts, they

several times and dried by anhydrous, 3@, followed rotary
evaporation (35°C) to remove the solvent, and then through
recrystallization to obtain the products which wetenitified by

'H and™C NMR spectra (see ESI).

can be ascribed to theg, andv; modes of -CHof PVP molecules
[32,34]. While a strong band at 1648 trassigned to C=0 of
PVP clearly downshifts compared to pure PVP (1680%cm
ascribing to the chemisorption of PVP on PdAu alloy
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nanocrystallites through O atom of C=0O group weakettizg . ;
C=0 bond [34].

PdAu, 5 (111)
.- 0:226

_ o 2 Kev : s
Fig. 2 SEM (A) and TEM (B) image of the catalyst 1.0-
PdAy ;/Fe;0,@LDH, insets: EDS.

Fig. 2 shows the SEM (AAnd TEM (B)image of the catalyst
1.0-PdAy .dFe;0,@LDH, while those of other catalysts x-
PdAu/Fe,0,@LDH, 1.0-PdAy . 4LDH, the support
FeO,@LDH and FgO, are given in Fig. S2. Fig. S2A clearly
shows nearly monodispersed submicrospheres ¢D,Regith a
smooth surface and a mean diameter of 526 + 32 After
coating with LDH, FeO,@LDH (Fig. S2B) clearly shows a
honeycomb-like morphology holding many voids witlzesiof
25-70 nm, and interestingly, the LDH nanoplates witle t
dimensions of ~200 x 20 nm grow preferably in therdation of
c-axis parallel to andb-face vertical to the surface of & core,
and its TEM image (insets in Fig. S2B) shows typomae @shell
structure. Moreover, there is no aggregation oflsi.DH plates
(Fig. S2G) in this structure, implying thatsPg core can greatly
suppress the particle—particle interactions oftecuaed among
the LDH nanoparticles [35]. The SEM images of the megig
catalysts (Fig. 2A and Fig. S2(C-F)) all show simiteorphology
to its support, which is quite different from thegegpation of
pure LDH supported PdAu catalyst (Fig. S2G) and maynbe
favor of the exposure of the active sites.

Fig. 3 shows the HRTEM of the x-Pdfee,0,@LDH
catalysts, while those of monometallic catalystsstu@wvn in Fig.
S3. The Pd particle size of monometallic Pddn@&LDH
catalyst rangs from 1 to 7 nm with mean size of 2@42 nm,
clearly illustrating the heterogeneity of size obm-Pd catalyst
(Fig. S3a). As for monometallic Au/k@,@LDH prepared by the
same method, it shows obviously aggregated and tangar Au
particles (> 20 nm) (Fig. S3b), similar to Ebitanresult [29],
while another one Au/R®,@LDH-1 prepared by Au
nanoclusters precursor method depicts well-disperged
nanoparticles of 4.26 + 0.96 nm (Fig. S3c). Aftdoyihg with
Au, the PdAu catalysts 1.0-PdAee;O,@LDH (r = 0.11, 0.16
and 0.48) (insets in Fig. 3a, b and c) present sk
homogeneous dispersion of metal nanoclusters, wiannsizes
of 2.35 £ 0.47, 1.81 = 0.33 and 2.55 + 0.49 nmpeesively, : 2 For T
clearly smaller than 1.0-Pdpw/LDH (2.87 = 0.50 nm in Fig. Fig. 3 The low- and high-magnified HRTEM |mages of 1.0-

SZH?, a_md the 1.0-PdA@JFe304@_LDH _hag thg minimum PdAu PdAW,1/Fe0,@LDH (a, &), x-PdAy,JF&0,@LDH (x = 1.0

NCs’ size and the narrowest size distribution (1.8.8- nm). (®, b), 05 (b, b’) and 01 (B by) and 1.0-

These results strongly demonstrate that_ size aa:id:ii;tribution_ Pd ALb_4g/,FQ;O4@LD,H (€, ¢) (insets: histoérams of particle size

of PdAu NCs can be tuned effectively by incorporating yistribution and FFT).

appropriate amount of gold. Further reducing Pdilog with

Au/Pd ratio of 0.16, the obtained x-PdAWFe;0,@LDH (x =  possibly strong interaction between PdAu NCs and tippat.

0.5 and 0.1) (Fig. 3band b) exhibit further reduced NCs' sizes The lattice spacings for PdAu nanocrystallites o€ th.0-

of 1.75 £ 0.40 and 1.70 + 0.30 nm, respectivelgidating that PdAW/FeO,@LDH (r = 0.11, 0.16 and 0.48) are 0.226, 0.227

the Pd loadings has a slight effect on the sizes@®ldistribution and 0.229 nm, respectively, in line with FFT imadesets in

of PdAu NCs. Fig. 3a’-c’), which are between the values of bulk(1Rd)
The magnified HRTEM images of the series of catalyst (0.225 nm, JCPDS 46-1043) and bulk Au(111) (0.235 nm,

PdAu/Fe,0,@LDH clearly show that the PdAu NCs are tightly JCPDS 04-0784), indexed to the (111) planes of th&uRalloy

anchored on the margin of LDH nanosheets (arrows edaitk  phase and consistent with the d-spacing calculated Yegard's

Fig. 3a’'—c’) or embedded deeply into LDH laminatepiging law [36]. Moreover, (018) lattice fringes of theei.DH can

°] 5 Unm

5nm



36.1 and 41.8 emu-Yy respectively, though lower than ;Bg
(76.5 emu-g) owing to the coating of nonmagnetic shell LDH
[25,26]. Consequently, the obtained magnetic coreds
catalysts are easily separated from reaction sysigmsing an
external magnet.

3.3 Catalytic performance

The Heck reaction of iodobenzene (Phl) with styrese i
selected as a probe reaction to study the catglgtiformance of
the magnetic catalysts. The 1.0-PdfdFe;0,@LDH is first
employed to optimize Heck reaction conditions inviodvsolvent
composition and additive base type (since pure RBgfRVP

Fig. 4 The line profiles of EDS spectra from HAADF-STEM for
the specially selected PdAu NCs on the 1.0-
PdAw ,/Fe,0,@LDH (a), 1.0-PdAy,dFe;0,@LDH (b), 1.0-

Egﬁu’-“d:ﬁ%g“@tgﬂ d(C)'thandt' |ST.EMd. 't”?ggt? of  1.0- colloid or FeO,@LDH without base additive shows no product),
b.1/Fe,0,@ (d) with particle size distribution. and the results are summarized in Table S3 . Theneratio of
also be found in the HRTEM images with correspondingPMF and HO is adjusted to explore the suitable solvent
diffraction dots in FFT images. The HAADF-STEM and $7E  composition, and the best yield (87.9%) is obtaiimethe case of
EDS analyses of the specially selected PdAu NCs @etRdAu  Vowr:Vizo = 3:1 at 2 h (Table S3, entry 2), while the lower or
alloy catalysts (larger particles selected forrinstent’s detection €ven no yield is detected under other solvent caitipos.
limitations) (Fig. 4a-c) demonstrate that the NCasist of both ~ Moreover, the weak base,®O; is found to be the preferred
Pd and Au, which indicate forcefully that the Pd @ndcoexist ~ choice for the reaction to both the stronger bas©HNand
in the form of alloy state in the catalysts as XRD #fRTEM  Weaker bases (NaAc and Nf&)s) upon the highest selectivity
indicated. For 1.0-PdAudFe;0,@LDH, the point analyses of and yield for the Heck reaction (Table S3, entrigs628).
the randomly selected NCs also verify that mosththimed NCs ~ Therefore, the optimized reaction condition using®; as base
contain both Pd and Au, and only a very few fraciompure Pd, additive and DMF-KHO with v/v=3:1 as solvent is achieved.
as also evidenced by the mostly spatial coincideficee Au and Then, the effect of Au/Pd ratios on the Heck reaciis studied
Pd in EDS mapping analysis (Fig. S4). The quanigaginalysis over the series of magnetic PdAu alloy NCs catalyst8-
of the EDS profile shows that the catalyst is comgasfemixed ~ PdAu/Fe;0,@LDH under the optimized reaction conditions (Table
Au and Pd atoms with r of 0.18, in good agreement thighICP ~ 1). Not surprisingly, monometallic Au/E@,@LDH-1 shows no
data (0.16). Moreover, the particle size distribntfrom STEM  activity, while the Pd/F&©,@LDH presents high activity with the
of 1.0-PdAyY./Fe,0,@LDH (Fig. 4d) gives the mean size of Yield of 81.8% in 2 h, clearly indicating that Pdesies are the
1.88+ 0.30 nm, in line with the HRTEM data. intrinsic active sites for the Heck reaction asvpesly reported
The BET analyses show that the catalysts 1.0{1,2]. However, after alloying with Au, three alloy catsty 1.0-
PdAu/FeO,@LDH (r = 0.11, 0.16 and 0.48) possess similarPdAu/Fe;O,@LDH (r = 0.11, 0.16 and 0.48) all show higher atyi
specific surface areas of 49.9-52.9° g to the support than the Pd/R©,@LDH. Especially, the 1.0-PdAudFe;:0,@LDH
Fe;0,@LDH (53.1 mf g") (Fig. S5 and Table S2) and typical with smallest PdAu NCs’ size (~1.81 nm) exhibits thighest
mesoporosity with mean pore sizes of 2.1-2.7 nrmaaieith the  activity with the Yield of 87.6% in 1 h. These résustrongly
hierarchical core@shell structure with abundant ssibée edge suggest that Au/Pd ratios can greatly influence tatalytic
and junctions as SEM indicated, being in favornef éxposure of ~performance of the magnetic catalysts 1.0- R4A%0,@LDH for

catalytic active sites [26]. the Heck reaction. It is also noted that under asebadditive, 1.0-
. PdAW 4dFe;:0,@LDH shows quitelow yield (4%) at 2 h but

3.2 Magnetic property increased to 53.5% at 9 h (Table S3, entry 9), yinglthat the
80 magnetic support with intrinsic basic LDH layers s=nto the

om ooD 00O mooom
a

base-required Heck reaction to some extent.

Furthermore, the effect of the Pd loadings of m@gnetic
PdAu NCs catalysts on the Heck reaction is studiebl€T 1).
The low Pd-loading samples x-PdAdFe;0,@LDH (x = 0.5
and 0.1) exhibit the Yield of 94.1% in 2.0 h and®8.in 1.5 h
with Pd dosage of 0.05 mol% respectively, while 1.0-
' y PdAw dF&0,@LDH is 94.0% in 3.5 h. However, further
TR reduced Pd loading sample 0.05-PgA{Fe;0,@LDH show
(s decreased Heck activity probably due to their setjlgn
| 0000000 00D oomInT > reduced active sites. The above results clearlyodstrate that
the catalyst 0.1-PdAud/Fe;0,@LDH possesses even higher
Heck coupling activity, implying the predominantesieffect of
the present magnetic PdAu alloy NCs catalysts. Actualie

an
=4

Ms / emu.g™!
8

-80 catalyst 0.1-PdAsrdFe;O,@LDH presents much better Heck
Fig. 5 The magnetization curves of & (a), FgO,@LDH (b) reactivity, even at lower temperature with stilberedyof 92.3%
and the catalyst 1.0-Pdjw/Fe;0,@LDH (c). at 90°C, than previously reportetiagneticFe;0,/SiO,/HPG-Pd,

[21] F&O,@SiO-Dendrimer-Pd [23], PA-MNPSS (magnetic
NPs-starch substrate)[37] and FeO,@PUNP (Poly
(undecylenic  acid-co-N-isopropylacrylamide-co-poiass 4-
acryloxyoyl-pyridine-2,  6-dicarboxylate))-Pd  [38]  tWi
complicated preparation under similar reaction dions (Table
1).

Fig. 5 depicts the magnetization curves of the lgsttal.O-
PdAW .dFe:0,@LDH compared with the support Fa@LDH
and FgO,. The magnetization curves of the three sampleibigxh
typically superparamagnetic characteristics, aksified by their
weak coercive force and remanence, in line with the \Rlue of
the magnetic core E®,. The 1.0-PdAy.dFe;0,@LDH and
support exhibit considerable saturation magnetimatiMs) of
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Table 1 Catalytic activity of the various catalysts for tHeck reaction of iodobenzene with styrehe.

Catalysts Ro/nn? Pd/ mol% t/h Conv./ % Yield/% Ref.
1.0-PdAy ;/F&;0,@LDH 2.3510.47 0.30 0.5/1.5 39.9/92.1 36.0/86.1 Thnisk
1.0-PdAy ,¢F&:0,@LDH 1.81+0.33 0.30 0.5/1.0 50.6/92.9 45.8/87.6 Thnisk
1.0-PdAy ,¢F&:0,@LDH 1.81+0.33 0.05 0.5/3.5 16.0/99.5 15.0/94.0 Tk
0.5-PdAy 1dFe;0,@LDH 1.75+0.40 0.05 0.5/2.0 30.1/99.9 27.9/94.1 Tk
0.1-PdAy ,dFe;0,@LDH 1.70+0.30 0.05 0.5/1.5 31.1/93.0 28.2/89.9 Thnisk
0.1-PdAy ,dFe;0,@LDH® 1.70£0.30 0.05 0.5/3.0 22.4/96.4 22.0/92.3 Thiskwor
1.0-PdAy 4¢Fe;0,@LDH 2.55%0.49 0.30 0.5/2.0 28.0/91.6 25.9/87.9 Thisk

1.0-PdAy ,¢LDH 2.87+0.50 0.30 0.5/1.0 13.5/39.5 12.7/37.6 Mgk
Pd/FeO,@LDH 2.00£0.42 0.30 0.5/2.0 21.0/86.8 19.3/81.8 sork
Au/Fe;0,@LDH-1 4.26+0.96 0.30 0.5/4.0 n.d. n.d. This work
0.05-PdAy .{Fe;,0,@LDH - 0.05 0.5/4.0 12.6/90.7 12.6/88.9 This work
Fe,0,/SiO/HPG-Pd - 3.0 6.0 - 93 21
Fe,0,@SiO-Dendrimer-P8 - 0.009 2.0 - 92 23
Pd-MNPS$ - 0.36 4.0 - 90 37
Fe,0,@PUNP-P4 - 0.1 8.0 - 95 38

% Reaction conditions: Phl (1 mmol),

styrene (1.5 MMOpye:Vio = 12 mL:4 mL, KCO; (3 mmol), 120°C, catalysts x-

PdAu/Fe0,@LDH under atmospheric conditiofMean values upon 200 individual NCs in TEM imadd2hl (50 mmol), styrene
(75 mmol), ¥wr:Viao=120 mL:40 mL, KCO; (100 mmol), 9C°C. *Phl (0.1 mmol), styrene (0.2 mmol), DMF (8 mL), NaAx18
mmol), 140°C. *Phl (1 mmol), styrene (2 mmol), DMF (2 mL),38t(3 mmol), 120°C. "Phl (1 mmol), styrene (1.2 mmol),8 ( 5
mL), K,CO; (2.0 mmol), 106C. ?Phl (1 mmol), styrene (1.5 mmol), 6 Vome =1 mL:1 mL, KCO; (3 mmol), Ar atmosphere, 9@.

To verify the universal adaptability of the pres@&uAu NCs

Table 2 Catalytic activity of the 0.1-PdAud/Fe;O,@LDH for

catalysts x-PdAUFe,0,@LDH for the Heck reaction, the range the Heck reaction of varied aryl halides with varikenes?®

of aryl halides and alkenes is explored over thelgst 0.1-

PdAw .dFe:0,@LDH under the optimal reaction conditions

(Table 2). The catalyst exhibits excellent catalyierformance
for the Heck reaction of aryl iodides with electrorthwirawing

1

X
Joge!
R

Catalyst
K,C04, 120°C
VomeVuzo=12mL:dmL  Ri

/ON*

Y20
+ + Base-HX
¥y P
| y R
Ry
2 3

groups or electron-donating groups and styrenegite the Substrate

desired Heck reaction products la-1e in 89.7-99.@4d yTable No. g Conv. product’

2, entries 1-5). Phl reacts with methyl acrylate el acrylate, X R R, /%

to give 1f in 99.1% vyield and 1g in 99.0% yieldspectively 1 | NO, Ph 0.67 99.9 1a (99.9)
(Table 2, entries 6 and 7). As for the reaction-#fd-OH and 4- 2 | COCH Ph 15 96.9 1b (95.9)
PhI-CHO with styrene, instead of Heck product but almaihn 3 | H Pr 1E  93.( 1¢(89.7
reaction product 2 in 98.0% vyield (Table 2, enty éhd a 4 | CH, PF 167 99¢ 1d (96.4:
hydrogenation product 3 in 99.3% vyield (Table 2irem®) are 5 | OCH, Pt 2C 907 1e (90'33
obtained, respectively. Then for the reaction afnbobenzene 6 | H CO.CH 15 99¢ 1f (99 1:
with styrene and ethyl acrylate, which give the Heakdpct 1c 7 | H c 2C H3 1'% 99' 0 1 990
in 92.2% vyield and 1g in 92.4% vyield, respectivékable 2, O.CHs ‘ X 9 (99.0)
entries 10 and 11). While the reaction of 4-PhBr-Ckih 8 I OH Ph 1.0 98.1 2 (98.0)
styene gives the Heck product 1h in 87.7% yield @lovith 9 ' CHO Ph 2.0 99.5 3(99.3)
hydrogenation product 3 in 12.1% yield (Table 2nen?2), and 10 Br H Ph 10 950  1c(92.2)
the reaction of 4-PhBr-OH with styene gives the Heddpct 4- 11 Br H CQCHs 7.0 933 ﬁ% (92-)4)
hydroxystilbene in 98.6% vyield (Table 2, entry 1Bypbably 1h (87.7),
attributed to the different dissociation energy@f and C-Br 12 Br  CHO Ph 2.5 998 3(12.1,
bond. These results are much higher than thoseredfiqusly 13 Br OH Pr 12 98.C 98.¢
reported catalysSiNA-Pd (SiNA: silicon nanowire array) [39] 14° Br H CO,C4Hg 48 - 82
(Yield: 82%, 48.0 h) and Pd(2.5)/NT (NT: hydrogeranite 15 Br H Ph 6.0 - 88
nanotubes) [40] with lower Heck product yield (43.224,0 h), 16 Br H Ph 24 - 43

and higher than those of PA@Co/CNT-50 (Yield: 88%) 41]

et ! ! L : % Reaction conditions: 0.1-PdAw/Fe,0,@LDH (0.05 mol%
under similar catalytic reaction conditions (TaBleentries 14- Pd), aryl halide (1.0 mmol), alkene (1.5 mMOlwaVipo=12
16), implying the higher Heck activities of the b 0.1- i :4 mL, K,CO,(3.0 mmol), 120C. "The varied products were
PdAW, ,/F&0,@LDH for aryl bromides and alkenes. The abovejgentified by *C and 'H NMR (see ESI) and the data in
results clearly demonstrate that the present magRefu alloy  yarentheses are yield of corresponding product by ‘GRBBr,
NCs catalysts x-PdAlF&;0,@LDH possess an extensive pty| acrylate, NaAc, TBAB? PhBr,styrene Et:;N, DMF, N,. ©
substrate adaptability. PhBECHO, styreneEt;N, DMF, tri-(o-tolyl)phosphine, N



3.4 The kinetics study
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Fig. 6 -In(1-C) against time (a-c) and Arrhenius plots f@) the
Heck reaction over 1.0-PdABe,0,@LDH (r = 0.11 (a), 0.16 (b)
and 0.48 (c)) at temperatures of 100, 110, 120, a&®&0D140°C.
Reaction conditions: catalyst (Pd: 0.3 mol% basedPhl), Phl
(1.0 mmol), styrene (1.5 mmol),p\Me:Vio = 12 mL:4 mL,
K,COs (3.0 mmol).

To reveal the nature reasons for different Heck tieac
performance of the series of magnetic PdAu alloyochusters
catalysts, the macroscopic kinetic experiment efdhtained 1.0-
PdAu/Fe,0,@LDH catalysts including the effect of the different
Au/Pd ratios and reaction temperatures (100, 110, 120 and
140°C) on the Heck reaction rate of Phl with styrene viradied.
As shown in Fig. S6, the Conv.-time (t) plots aredrly up to ca.
60% Conv. of Phl, implying that the product inhidit is very
small. It can be clearly seen in Fig. 6a-c thattdren -In(1-C) is
linearly increased with the reaction time for thoegalysts 1.0-
PdAu/Fe;0,@LDH (r = 0.11, 0.16 and 0.48), fitting quite well to
the first order with respect to Phl. The rate comstd, is
calculated upon the slope of the -In(1-C) vetsplot. The k
values (Table S5) of the Heck reaction of Phl wityreste for
three catalysts at the same temperature are faupe in an order
of 1.0-PdAy.dFe;0,@LDH > 1.0-PdAy,/Fe;O,@LDH > 1.0-
PdAW 4¢Fes0,@LDH.

A good linear relationship is achieved by plottirfgrik verse
1/T (T: temperature), and the apparent activatioargy €,) is
calculated upon the slope by the least-squarenéilyais (Fig. 6d
and Table S4). The catalyst 1.0-PdAdFe;0,@LDH shows the
lowestE, of 19.36 kJ/mol among the three catalysts with raeio
of 1.0-PdAyY ;dFe;0,@LDH < 1.0-PdAy,/Fe;O,@LDH (27.58)
< 1.0-PdAy.dFe;0,@LDH (32.29). The highesk and the
lowestE, of the catalyst 1.0-PdAudFe;0,@LDH are consistent
with its smallest PdAu NCs'’ size.

3.5 The structure-performance relationship.

The above results clearly suggest that the magRel#wu alloy
nanoclusters catalysts x-PdAte;0,@LDH exhibit efficiently
catalytic performance for the Heck reaction. To ustid and
reveal the structure-performance relationship, XPSsitu CO-

DRIFTS and HTPR analyses are performed to explore the

electronic and geometric structure of the as-obthiratalysts.

Au 4f

Intensity / a.u.

Pd° 3dy, Pd" Pd° 3ds,,

'83.55
Wd\ /‘Mg - Au.‘”” 1 Au 4f;,
P
— 2\ w . : ;\79\,,».
Pd/Fe;0,@LDH s
44

AuFe0,@LDH
92

340 336 332 % 88 86 84 82 80
Binding Energy / eV Binding Energy / eV

Fig. 7 Pd 3d and Au 4f XPS spectra of 1.0-PgAlFe;0,@LDH

(a), 1.0-PdAY.dFe;0,@LDH (b), 1.0-PdAy.dFe;0,@LDH (c),

Pd/FeO,@LDH and Au/FeO,@LDH.

The XPS analysis is first employed to explore thefeze
chemical composition and electron structure of seeies of
magnetic PdAu alloy NCs catalysts. The Pd 3d and AXRI$
spectra are shown in Fig. 7 and the correspondangnpeters are
listed in Table S5. The Pd 3d XPS spectrum of R@KaLDH
shows two distinct asymmetrical peaks for Pd.3dt binding
energy (BE) of ~335.60 eV and Pd;3dit BE of ~341.02 eV,
respectively. The deconvolution BE values of Pg,3de 335.50
and 337.45 eV, which can be assigned to tfeaRd P species,
respectively [42]. The Au 4f XPS spectrum of AwBgdLDH
shows two asymmetrical peaks for Ay,4at 83.55 eV and Au
4f5;, at 86.47 eV, which is overlapped by Mg 2s at 8®80The
deconvolution BE values of Au #4f are 83.55 and 84.45 eV,
attributable to surface metallic Au and Aspecies, respectively
[42,43]. After alloying with Au, the Pi3ds, BE values of three
catalysts 1.0-PdAlFe,0,@LDH (r = 0.11, 0.16 and 0.48) are
335.05, 334.69 and 335.22 eV, with 0.45, 0.81 an® @¥
decrease compared with Pd{Bg@LDH, respectively, while the
Au 4f;, BE values are 83.08, 82.63 and 83.11 eV, similaiti
0.47,0.92 and 0.44 eV decrease compared with AQJ€LDH,
respectively. The observed negative shift for bBth 3d,, and
Au 4f;, BE values are in line with the net charge transfgrinto
palladium (gaining d electrons from gold) and gtreased Au
s or p electron cloud densities) [19,41]ggesting the electronic
structure of the surface Pd atoms to be greatly ifiedd by
alloying with Au, besides the role of support (seerl® 1s, Fe
2p, Mg 2p XPS analyses). Particularly, 1.0-
PdAw 1/Fe;0,@LDH presents the maximum P8, downshift,
corresponding to the most negatively charged, @t is the
largest electron density of surface’Pd

Though the XPS detective depth is up to 10 nm, wlich
higher than the size of the PdAu alloy NCs in theaivied
magnetic catalysts, the XPS data may strongly disclthe

3

surface composition of the PdAu alloy catalysts 48k, As
shown in Table S5, the XPS-derived Au/Pd and/(Pd'+Pd)
molar ratios reveal the surface metal composit®affected by
the addition of Au in the as-obtained magnetic P@&#flay NCs
catalysts. It is found that surface Au/Pd ratios tioé alloy
catalysts by XPS are obviously different from thogeulk ratios
by ICP. In detail, the surface Au/Pd ratios of 1.0-
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PdAw 1/Fe0,@LDH and 1.0-PdAshdFe;0,@LDH are 0.62
and 0.73, ca. 5.5 and 4.6 times those of the quorebng bulk
ratios, respectively, while the surface Au/Pd ratio the 1.0-
PdAw .dFe:0,@LDH is only 0.22. Furthermore, the XPS-
derived P&PEP+Pd') values of three catalysts 1.0-
PdAu/Fe,0,@LDH (r = 0.11, 0.16 and 0.48) upon deconvolution
are 85.0%, 93.1% and 77.9%, respectively, muchdnigtan that
of Pd/FgO,@LDH (69.1%). It can be attributed to the influence
of alloying with Au to various degrees, in line withetfindings
of Liao et al. [45] and Huanget al.[47], on the protecting Pd
species from being oxidized to 'PdThese results indicate that
the surface metallic composition of magnetic PdAloyaNCs
catalysts can be effectively tuned by the initial/Rd ratio, and
the 1.0-PdAydFe;0,@LDH has the maximum |9cpercentage
and Au-rich surface which might form properly isotht®d
atoms or small ensembles by Au.

To get more insight into the surface charactesst€ the
series of magnetic PdAu alloy NCs catalysts, O 12pand Mg
2p spectra (Fig. S7) are carefully analyzed for dagalysts
compared with the support andsBg and the parameters are
listed in Table S6. The curve fittings of O 1s speaf three
catalysts 1.0-PdAlFe;0,@LDH (r=0.11, 0.16 and 0.48) and the
support reveal that there are three oxygen spesiesirface OH
(531-532 eV), lattice ©(520-531 eV) and adsorbed®and/or
intercalated carbonate (532-534 eV) species [4®.BE values
of OH group in the three catalysts all shift to highevels
compared to the support, implying that the occureenf electron
transfer from the surface OH groups related to LDH rldyig®*
ions to PdAu NCs. The 1.0-PdpM¢Fe;0,@LDH kept the
largest fraction of M-OH (70.3%) shows the highestiB&ease,
suggesting the most electron transfer from M-OH t&WPHICs,
consistent with its highest Heck reactivity.
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Au/Fe;0,@LDH |

Intensity /a.u.
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Fig. 8 In situ DRIFT spectra of CO adsorption on 1.0-
PdAW 1/Fe0,@LDH (a), 1.0-PdAy,dFe;0,@LDH (b), 1.0-
PdAW 4¢Fes0,@LDH (c), Pd/FgO,@LDH and Au/FgO,@LDH.

In situ DRIFTS of CO adsorption is an important surface-
sensitive technique to probe the geometric andrelgic effects

The Fe 2p XPS spectra of three PdAu alloy NCs catalystarising from the addition of a second metal, whigh @nsidered

1.0-PdAWFe,0,@LDH (r = 0.11, 0.16 and 0.48) compared with
Pd/FeO,@LDH, Au/FeO,@LDH and FeO,@LDH show two
distinct asymmetrical peaks at ~710.40 and ~72480or Fe
2ps, and Fe 2p,, and the deconvolution BE values of Fe2p
are 709.75 and 711.85 eV, 709.90 and 711.95 eV, T0&n@
711.59 eV, 709.62 and 711.49 eV, 709.74 and 711.18sewell
as 709.60 and 711.00 eV, which can be ascribedet&di and
Fe’* species of R®, core [42], respectively. The £e2p,, and
Fe™* 2py» BE values of the support f&@LDH are 0.16 and
0.30 eV downshift from the E®, (709.76 and 711.30 eV),
respectively. The slight BE downshift of ¥and F&" species in
Fe,0,@LDH support compared to the;Fg can be attributed to
partial charge transfer from the LDH shell to;®g core on
various electronegativity of Fe (1.83) and Mg ().&lements
[48],in line with a slight upshift (0.18 eV) of Mg 2p (8@. eV)
of the support F©,@LDH compared to pure LDH (50.20 eV)
[28]. For the PdAu NCs catalysts 1.0-Pd/ke;0,@LDH (r =
0.11, 0.16 and 0.48) and Pd{eg@LDH and Au/FeO,@LDH,
the BE values of Féand F&" species show varied upshift (0.15
and 0.85 eV, 0.30 and 0.95 eV, 0.01 and 0.59 eV, &020.49
eV as well as 0.14 and 0.18 eV, respectively) compaoed
FeO,@LDH after loading PdAu alloy NCs with greater
electronegative Pd (2.20) and Au (2.54) [48], while Mg 2p
BE values show negligible shift compared to the supphese
observations can be attributed to partial electramsfer from
Fe,O, core to the LDH shell, then to PdAu alloy NCs, ineli
with the downshift of ~0.29 eV of B&d, and ~0.19 eV of Au

to be the key factor influencing the catalytic wityi of bimetallic
catalysts. Fig. 8 depicts DRIFT spectra of CO adsmipon the
obtained catalysts 1.0-PdAke,0,@LDH (r = 0.11, 0.16 and
0.48) compared to Pd/f@,@LDH and Au/FeO,@LDH. For the
Au/Fe;0,@LDH, no band detected may be owing to the weaker
CO adsorption strength [49However, the Pd/R®,@LDH
shows a sharp peak at ~2040 cand a weak one at ~1910 ¢m
which could be assigned to linear and two fold-britlgedsorbed
CO on metallic Pd atoms, respectively [50,51]. Aftdioying
with Au, the peaks of two fold-bridged adsorbed CCPdrof the
three PdAu alloy NCs catalysts almost disappear.pdak area
ratios of linear adsorbed CO jJAo total of linear and two fold-
bridged CO (A are 93.9%, 100% and 99.7% for the three
catalysts with r of 0.11, 0.16 and 0.48, respedctivebviously
higher than that of Pd/E®,@LDH (83.1%). These results
illustrate that the magnetic PdAu alloy NCs catalysi®
preferred to adsorb CO molecules in linear patter, the 1.0-
PdAw ./Fe:0,@LDH presents the largest/A; value probably
originating from isolated Pd atoms or small ensasby Au
doping, which are favorable for the Heck reactior].[&0s noted
that the linear adsorbed CO bands on Pd at 2033, &9d 2030
cmi® of the three catalysts 1.0-Pd#te;0,@LDH (r = 0.11, 0.16
and 0.48) show remarkable redshift of 7, 25 and 0" c
respectively, compared to PdiPe@LDH, suggesting the
increased electron density of the surface Pd atdmslloying
with Au. Particularly, 1.0-PdAdsdFe;:O,@LDH exhibits the
maximum redshift, corresponding to the most negéticharged

4f7/2in 10'PdAuldFQgO4@LDH Compared to non_magnetic 1.0- Pd), .in line with the XPS data, which eXpIainS its bestide
PdAw.JLDH (Fig. S8 and Table S5). The above XPS datsdctivity from the electronic effect. The above aseb strongly
strongly demonstrate the presence of remarkable Pdgs — illustrate that alloying Pd with Au can greatly irdhce the

LDH - F%O4 three_phase Synergistic effect in the presengeometric structure (the added Au isolates the woatis Pd
magnetic PdAu alloy NCs catalysts. sites) and electronic structure (neighboring Au atdmerease the

electron density of Pd) of the present PdAu alloy N&tslysts.



strongest PAAINCs-LDH-FgO, three-phase synergistic effect

Au/Fe;0,@LDH § along with its smallest PdAu alloy NCs' size, thufoaf to its
34 oo best Heck reaction activity.
183 . 267 In order to study whether the catalytic mechanismthuf

catalysts x-PdAUFe,0,@LDH follow a homogeneous or
heterogeneous catalysis path, the hot filtratiopeexnents are
performed [11,50]. In detail, two parallel tests eralized for the
Heck reaction of Phl with styrene on the catalyst-1.0
PdAw /Fe0,@LDH (Pd: 0.3 mol%) under the optimized
reaction condition. The first test proceeds urti# treaction is
completed. After separating catalyst from the reactystem by
an NdFeB magnet, ICP analysis of the filtrate shdwed only
0.01 ppm (corresponding to 0.05 wt% of the initiadoant) Pd
leached into the solution at the end of reactidre $econd test is
stopped after 0.4 h with Phl Conv. of 47.2%. Afteagmetic
separation, the ICP analysis of the filtrate sholreg ©.30 ppm
(1.5 wt% of the initial amount) Pd leached into fimdution. The
reaction is continued for an additional 1.2 h wtik filtrate, and
the Phl Conv. almost remains constant. These eesalify that

TCD signal / a.u.

Pd/Fe;0,@LDH i only Pd bound to the E®,@LDH support during the reaction is

o : active, and the Heck reaction occurs on the heteesiges
245 surface of the present magnetic PdAu alloy nanaelsistatalysts.

Fe;O,@LDH On the basis of all the Heck reaction results andted|

catalysts characterization data along with previdumslings
[2,11], we tentatively propose a possible Heck coupling
mechanism of aryl halides (Ar-X) with alkenes on threspnt
Fig. 9 H, TPR of 1.0-PdAy,/FeO,@LDH (a), 1.0- magnetic PdAu alloy NCs catalysts as shown in Scheme 2
PdAw dFe0,@LDH (b), 1.0-PdAy.dFe;0,@LDH (c), Firstly, the PdAu alloy NCs undergo oxidative additisith aryl
monometallic catalysts, and the suppod@& LDH. halides to form a surface transient organometatiiermediate

. STOIl) Ar-PdAy-X/Fe;O,@LDH, as is evident from XPS and

Fig. 9 presents HTPR of the PdAu alloy NCs catalysts 1.0- SI'GA-I%TA-MS gn th?ir?’grmediate. The Pd 3d, | 3d abdls

ESIAF”/(E%O&%;DHA(;F=OO-1ib|3-16 ";”d F°-48) L%OeraTrid 0 %ps spectra of a typical STOI GPh-PdA ;¢ l/Fe;0,@LDH
?0,@ . Au/Fe0,@ »oan §0,@ : e (experimental details see ESI) are shown in Fig.T®@ Pd 3d

monometallic Au/FgO,@LDH only shows a weak broadened .
hydrogen consumption peak at 2&7, which may be ascribed to é‘:spnggzug cif?:[gg gg (Zlvsr;cr)]v(\j/sI;[)v(\j/ogt;rg?d~e3n3c9>v8eSrlaev Tr?e
reduction of Ali to AU’ species [52], implying the presence of deconvolution of Pd 3@ XPS gives 335.00 eV assigned td’ Pd
small amount of Al state, in line with the XPS data. The and 337.02 eV to Pdfeatured as highe; BE valuesH = ~0.2
Pd/F%.O“@LDH olllspla.ys. a single nega}tlve peak at %2 eV) and much higher Bdproportion (45.5%) than the fresh one
resulting from d|_ssouat|on op-Pd hydride formed, by the (6.9%), resulting from the presence of the Pd-ithie formed
hydrogen adsorbing on Pdvhen the pressure of hydrogen STOI [11]. The | 3d XPS shows two sharp peaks for d,3ut

surpasses 0.02 atm [45,53], and a strong broadobgdr 618.96 and | 3¢, at 630.36 eV, respectively, assigned to the Pd-I
consumption peaks at 180 with H; consumptions of 3fimol/g bona [43]. The C 1s XIIDS Sh(;WS tr\)/vo Iineg, at 2894 99288136
attributed to the reduction of Ptb Pd [45]. The broad shoulder o . ;o

eV, which may be assigned to a carbon impurity aneCPd

at 245°C can be ascribed to the reduction of the ferrecis on .
) . respectively [11]. The TGA-DTA-MS study of GPh-PdAWY ¢
the magnetic support, which occurred at much lowmaptrature IFe0,@LDH gives m/z values of 91 and 127 amu

than normally expected (350 — 9804, [54-56], ascribed to that corresponding to CH#Ph and iodide species, respectively (Fi
Pd species resulted from initial reduction facilisigissociative PO 9 - P ’ P y (F1g.
S9), while the m/z signal corresponding to £l cannot be

chemisorption of Hwhich has enough reducibility for the ferric L . :

species ?57] AEer alloying Wiﬂ? AU the ycatalystso-l detected, indicating that the pyrolysis products @stained from

PdAL/FeO @.LDH show negative eaks, around G with a. this intermediate. The above results further dernatesthat the

ingthJr sﬁo‘ift“compared With tghe moFr)mmetaIIic PAELDH Heck reaction indeed occurs on the heterogeneotascsunf the
L . ! magnetic PdAu alloy NCs catalysts. It should be nosetil that

and the peak gradually weakens with increasing Audd and At this stage, both the neighboring Au atoms andigrchical

even disappears at r = 0.48. The two catalysts 1.0= . )
Hh = - structured F¢O,@LDH support contribute to the increase of the
PdAU/Fe0,@LDH with r=0.11 and 0.48 showsldonsumption electronic density of Pd centers to facilitate ek@lative addition

eaks owing to the reduction of P Pd at varied temperatures ; > ’ ,

gf 150 andgl83"C with lower H consumptions of 1% and 23 of aryl halld_es on Fh_e Pdwhich is respon5|ble_ for the higher
umol/g than Pd/F®O,@LDH, respectively, suggesting various Heclfj_ rea_lctlonfacltlety. Secohndlyg_rtohle frtailfalctlog t[))anise by
interactions occurring between Pd and the addedHswvever, coordination of a eneS tg the | ’ ho owe | y 'wl&
the catalyst 1.0-PdAydFe:0,@LDH displays a very weak ;H migratory ||jsert|0n: ubsequently, t e newy ge at
consumption peak at ~18€ with much lower K consumption organometallic species undergoes $yhydride elimination to

(4.7 yumol/g) corresponding to its lowest Pdfraction (XPS fo_rm the Heck coupling = product. Finally, bgse-aesist
indicated) associated with its proper Au doping mtitg Pd elimination of H-X from H-PdAuX/Fe;O,@LDH species occurs
species from being oxidized to 'Pdand stronger Pd-Au to regenerate the Pdatalyst, and the intrinsic basic sites of the

interaction. LDH phase may promote this elimination to some extest

The above results strongly demonstrate that thelysat1.0-  'evealed in previous report [58].
PdAw /Fe:0,@LDH possesses the most negatively charg@d Pd
the maximum PY percentage and Au-rich surface and the

T T T T T T
50 100 150 200 250 300 400
Temperature/°C
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Scheme 2. Plausible mechanism for the Heck reaction of aryl

halides with alkenes over the x-PdA&ig;0,@LDH catalysts.
3.6 Recyclability

The recyclability of the magnetic PdAu alloy NCs égadts is
further explored in the Heck reaction of Phl (1 myaoid styrene
(2.5 mmol) over 1.0-PdAudFe;0,@LDH (Pd: 0.3 mol%) and
K,COs; (3 mmol) in DMF-HO solvent. After completion of the
reaction, the catalyst was magnetically separateudn fithe
reaction mixture by an NdFeB magnet (0.15 T), thghby
washed with DMF and D, and then reused under identical
conditions and the results show 95% Phl Conv. artd 8@ns-
stilbene Sel. even in the 10th run (Fig. S10a). $&E& image of
the recovered catalyst distinctly depicts the welbk
honeycomb-like core@shell structure (Fig. S10b).rédwer,
only 3.5 wt% of total Pd and 3.3 wt% of total Au lkad into the
supernatant as confirmed by ICP (detection limi@@&fL ppm) of
the used catalyst after 10 runs. The%@tl' + Pd) ratio
calculated from the Pd 3d XPS of the used cataligt §10c) is
69.0%, significantly lower than that of the fresheo{93.1%),
which can be ascribed to the high reactivity of Riolecules that
results in the high number of surface species, laimio
Choudary’s report on LDH-Pd11]. The surface Au/Pd ratio of
~0.77 (Fig. S10c and d) is close to that of thetrene (0.73),
demonstrating that the surface metal compositiorPOAW, 16

alloy NCs was well-keptiuring the Heck reaction. These results

clearly suggest the remarkable structure stabditg recycling
efficiency of the as-obtained magnetic PdAu alloy N@slysts.

4. Conclusions

In summary, a series of hierarchically core@shelicsured
magnetic PdAu alloy nanoclusters catalysts

followed sol immobilization of PdAAtPVP on the honeycomb-
like core@shell support E®,@LDH. The characterization
results reveal that the obtained catalysts pogkessoneycomb-
like core@shell structure with thab-plane of hexagonal LDH
nanoplates vertically oriented growth on the swefat FQO,
core, and the ultrafine PdAu alloy nanoclusters with size
ranging from 1.70 to 2.55 nm highly dispersed oe ttDH
nanoplates. The size and size distribution, elactiensity and
surface composition of PdAu alloy NCs on the catalystn be
effectively tuned by Au-doping amount. Three catsys.0-

PdAu/FeO,@LDH (r: 0.11, 0.16 and 0.48) all present higher
the

Heck reactivity of iodobenzene with styrene than
monometallic catalysts under the optimal conditidrK,CO; as
base additive and DMFJ® (Wpwme/Vi20=3:1) as solvent,

x-
PdAu/Fe,0,@LDH were facile assembled via polyol reduction

Journal of Organometallic Chemistry

attributable to the highly dispersed ultrafine PdANCs,
increased surface Pélectron density and remarkable enhanced
PdAu NCs — LDH - F®, three-phase synergistic effect.
Particularly, 1.0-PdAwdFe;O,@LDH with the smallest PdAu
alloy NCs and the largest surface’Rdectron density exhibits
the highest Heck activity. Moreover, the obtainethlyats can be
applied for Heck reaction of a variety of aryl haldwith alkenes,
and can be simply separated by an external perrhanagnet
and reused after ten runs without significant lo§sadtivity,
rendering its long-term stability. The present &iehically
core@shell structured magnetic PdAu alloy nanodisiste
catalysts may open a new vision to develop novel
environmentally benign magnetic bimetallic alloytadgsts for
varied catalytic applications.
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Highlights

- Magnetic PdAu nanoclusters catalysts via facilgygdoeduction-sol immobilization
* The ultrafinel.0-PdAw 1dFe;0,@LDH showing the highest Heck activity
- Electron-rich suface Bapecies and the strongest PdAu NCs-LDH€ERsynergy

- Remarkable recycling efficiency upon magnetic sajoan



