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reusable catalyst for Suzuki cross-
coupling reactions in aqueous solution—hollow
palladium–ferrum bimetallic magnetic spheres

Mengmeng Liu, Xiaohang Zhu, Li Wu, Xingchun Zhou, Jing Li and Jiantai Ma*

Hollow Pd–Fe bimetallic magnetic spheres are synthesized in this work. Such materials are successfully

characterized by ICP-AES, XPS, TEM, BET, XRD, and VSM, etc. These as-prepared hollow materials have

high catalytic activity during Suzuki cross-coupling reactions between aryl halides and arylboronic acids in

water. Meanwhile, the catalytic activity can be adjusted via changing the composition of the catalyst. The

enhanced activity was attributed to both the hollow chamber structure and the promotional effect of

Fe-dopants, which provided more Pd active sites during the reaction. Besides, due to the incorporation of

ferrum, the recycling processes of the magnetic catalyst became simpler and more efficient.
Introduction

Suzuki cross-coupling reactions have received remarkable scien-
tic attention over the past few decades.1 The palladium-catalyzed
Suzuki cross-coupling reaction between aryl halides and arylbor-
onic acids is one of the most effective methods for carbon–carbon
bond formation. Such a reaction has been employed in the
synthesis of biaryl compounds which are important moieties in
many natural products, pharmaceuticals and functional mate-
rials.2–8 In comparison with many other cross-coupling reactions,
the Suzuki reaction has practical advantages, since well-tolerated
and functionalized arylhalides react with innocuous boronic
acids.9 Generally, these reactions are catalyzed by homogeneous
palladium salts with various ligands in organic solvents. Recently,
Suzuki cross-coupling reactions have shown relatively high
activity and selectivity in aqueous media as well.10–13 However, the
separation and recovery of homogeneous catalysts from products
and reaction media are difficult, which are the key issues for
sustainable development of the chemical industry. Thus, more
research has been focused on the preparation of heterogeneous
catalyst for Suzuki reaction. Much of the heterogeneous
palladium-based catalysts are prepared by immobilizing or
stabilizing Pd nanospheres on different supports, such as carbon
nanotubes,14metal oxides,15 polymers,16 double hydroxides,17 high
surface-area silica18,19 and magnetic nanomaterials.20,21 Unfortu-
nately, there are some disadvantage of these catalysts, such as: (i)
the active sites of these catalysts are not well accessible in the
reactions; (ii) the contact between reactants and active sites of
catalysts is oen poor; (iii) the tiny Pd nanoparticles also
agglomerate due to high surface energy.
ing, Lanzhou University, Lanzhou 730000,
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At present, there has been growing interests in the hollow
materials with tunable chamber, because of the high surface
area, low density, easy recovery, self-supporting capacity, cost
reduction, and surface permeability.22–26 With those properties,
hollow materials may play a promising role in many applica-
tion, such as catalysis, adsorption, microelectronics, and
photonics, etc.27–30 Pd nanospheres catalyst with a hollow
chamber has been successfully synthesized and the catalyst
showed high catalytic activity in liquid-phase phenol hydroge-
nation reaction.31,32 Because of the high cost of Pd, economizing
expensive Pd metal in the catalyst is required in the industrial
production. Design and synthesis of Pd/non-noble-metal cata-
lysts is also a promising way to reduce the palladium content in
the catalyst.30 It is facile to prepare new materials with a
controllable shape and morphology by using the vesicle-
assistance, as vesicle templates with diverse structures can be
easily built up in the liquid-crystal phase and removed from the
nal products by washing.33

In this paper, we report the synthesis of a novel mesoporous
Pd–Fe alloy magnetic spheres catalyst with a hollow chamber,
using a vesicle template of tetrabutylphosphonium bromide
(Bu4PBr). This catalyst shows high activity during the Suzuki
reactions, due to its unique structure. Furthermore, the catalytic
activity of hollow Pd–Fe spheres can be tuned by controlling the
ratio of Pd to Fe. Due to the participation of ferrum, recycling
process of magnetic catalyst has also become simpler and more
efficient.
Experimental
Catalyst preparation

All of the chemicals used in this experiment were of analytical
grade and used without further purication. The hollow Pd–Fe
catalysts were prepared according to the procedure described as
This journal is © The Royal Society of Chemistry 2015
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follows: rst, an aqueous solution of Bu4PBr (100 mL, 0.010 M)
was added into another aqueous solution composed of PdCl2
(5 mL, 0.020 M) and an appropriate amount of FeCl3$6H2O
(0.020 M). The mixture was stirred vigorously for 30 min to form
a turbid solution. Then, an appropriate amount of NaBH4

aqueous solution (4.0 M) was added dropwisely into the turbid
solution under vigorous stirring at 30 �C. Aer reaction was
completed, the black precipitate was washed free from Cl� or
Na+ ions with deionized water until a pH ¼ 7 was achieved, and
dried under vacuum. The molar ratio of B/(Pd + Fe) was
controlled as 10/1 in the reaction to ensure the complete
reduction of Pd2+ ions. The Fe� and Pd� contents in the Pd–Fe
samples were adjusted by varying the molar ratio of Fe3+/Pd2+ in
the precursor solution.30 The asprepared Pd–Fe samples in the
presence of Bu4PBr were named as Pd–Fe–x(H) (hollow), with x
representing the molar ratio of Fe3+ to Pd2+ in the precursor
solution (Table 1).
Scheme 1 The possible formation process of hollow Pd–Fe spheres;
X ¼ Cl or Br.
Catalyst characterization

Inductive coupled plasma atomic emission spectrometer (ICP-
AES) analysis was conducted with Perkin Elmer (Optima-
4300DV). A FEI-TECNAI G2 transmission electron microscope
operating at 200 kV (FEI company) was used to make the trans-
mission electronmicroscopy (TEM) images, high resolution TEM
(HRTEM) images, high-angle annular dark eld scanning trans-
mission electron microscopy (HAADF-STEM) images and
element analysis mapping. Elemental composition data was
collected by energy dispersive X-ray spectroscopy (EDS) per-
formed using a TECNAIG2microscope. XRDmeasurements were
carried out at room temperature and performed on a Rigaku D/
max-2400 diffractometer using Cu-Ka radiation as the X-ray
source in the 2q range of 10–100�. X-ray photoelectron spectros-
copy (XPS) analysis was carried on a PHI-5702 X-ray photoelec-
tron spectrometer. Specic surface areas were calculated by the
Brunauer–Emmett–Teller (BET) method and pore sizes by the
Barrett–Joyner–Halenda (BJH) methods using Brunauer–
Emmett–Teller (Tristar II 3020).

In a typical experiment, aryl halide (1.5 mmol), phenylboronic
acids (2.25 mmol) and NaOH (3 mmol) were added to water
(5 mL) in a 10 mL round-bottomed ask. Then the catalyst
Table 1 Composition and catalytic properties of the as-prepared Pd–Fe

Catalyst Nominal composition (atom%)

Pd–Fe–0.5(H) Pd : Fe ¼ 2 : 1
Pd–Fe–1(H) Pd : Fe ¼ 1 : 1
Pd–Fe–2(H) Pd : Fe ¼ 1 : 2
Pd–Fe–3(H) Pd : Fe ¼ 1 : 3
Pd–Fe–5(H) Pd : Fe ¼ 1 : 5

a Reaction conditions: a catalyst amount containing 0.015mmol Pd, aryl ha
mmol) and water (5.0 mL), reaction time, 50 min, T ¼ 70 �C. b Determine

This journal is © The Royal Society of Chemistry 2015
(containing 0.015 mmol Pd) was added, and the mixture was
stirred at 70 �C in air. The reaction process wasmonitored by thin
layer chromatography (TLC). Aer completion of the reaction, the
mixture was cooled to room temperature and separated by
external magnetic eld, the resultant residual mixture diluted
with 10 mL ethyl acetate. The organic fraction was dried over
MgSO4, and an aliquot was taken with a syringe and subjected to
GC or GC-MS analysis. Yields were calculated against the
consumption of aryl halides. For the recycling test, the recovered
catalyst was further washed sufficiently with ethanol and water
before dried at room temperature for the next cycle.
Results and discussion
Structural characteristics

The preparation of Pd–Fe–x(H) bimetallic spheres is based on a
vesicle-assisted chemical reduction method, which is sche-
matically described in Scheme 1. Firstly, the Bu4PBr in water
may be dissociated into Br� and Bu4P

+ ions. Then, the Br� can
coordinate with Pd2+ to form [PdX4]

2�, which induces the rapid
coassembly with Bu4Pt into spherical vesicles.33 The [PdX4]

2�

and Fe3+ surround the outer shell of the vesicles due to elec-
trostatic interactions. Subsequently, Pd(II) ions and Fe(III) can be
reduced into metallic Pd nanoparticles and Fe nanoparticles by
adding BH4�, which forms a thin shell surrounding the vesicle
–x(H) catalystsa

Bulk composition (atom%) Yieldb (%)

Pd : Fe ¼ 64 : 36 90
Pd : Fe ¼ 48 : 52 99
Pd : Fe ¼ 33 : 67 93
Pd : Fe ¼ 24 : 76 94
Pd : Fe ¼ 16 : 84 95

lides (1.5 mmol), phenylboronic acids (2.25mmol), sodium hydroxide (3
d by GC or GC-MS.

RSC Adv., 2015, 5, 38264–38270 | 38265
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templates.33,34 Finally, hollow Pd–Fe spheres are obtained aer
washing out the vesicle template.35

According to ICP-AES analysis, it is found that the compo-
sitions of Pd and Fe in all Pd–Fe–x(H) samples are very similar
to those in the precursor solution (see Table 1).

XPS spectroscopy was performed to determine the oxidation
state of surface elements in the Pd–Fe–1(H) composites. The
main doublet peak in XPS spectrum could be attributed to Pd 3d
as shown in Fig. 1a. The binding energy of the doublet peaks at
335.35 eV (assigned to Pd0 3d5/2) and 340.70 eV (assigned to Pd0

3d3/2) indicate that all Pd atoms are present in the Pd0 state.
Compared with 334.55 eV and 339.75 eV for pure Pd nano-
particles, as light change in the electronic properties of Pd is
indicated by small shis to higher energy, which also conrms
the formation of alloys.36 Additionally, two types of Fe species
are detected (Fig. 1b): Fe0 (Fe 2p3/2 located at 705.55 eV) and
oxidized Fe (Fe 2p3/2 located at 711.79 eV). However, it is still
unclear whether these oxidized Fe species are from the oxida-
tion of iron during or aer the synthesis process.

The morphologies and structural features of the hollow
Pd–Fe–1(H) bimetallic spheres can be observed directly from the
TEM images (Fig. 2). The as-synthesized spherical particles are
very uniform in size and the average diameter is about 100 nm.
TEM observation further conrms the hollow structure of the
spheres with outer shells, and the thickness of the outer shells is
about 10 nm. To investigate each element's distribution in the
Pd–Fe bimetal further, high-angle annular dark-eld scanning
Fig. 1 XPS spectra of Pd–Fe–1(H). (a) Pd 3d5/2 and 3d3/2 peaks, and (b)
Fe 2p3/2 and 2p1/2 peaks.

Fig. 2 TEM images of Pd–Fe–1(H).

38266 | RSC Adv., 2015, 5, 38264–38270
transmission electron microscope energy dispersive X-ray spec-
troscopy images are presented (Fig. 3). Cross-sectional composi-
tional line proles (Fig. 3d) demonstrate the hollow structures
and homogenous distribution of the Pd–Fe bimetal. Themapping
results (Fig. 3b and c) indicates the uniform distribution of Pd
(blue) and Fe (yellow) in the outer shells of the hollow spheres
as well.

Pd–Fe–1(H) displayed type-IV adsorption/desorption
isotherms with a hysteresis loop in BET experiments, indica-
tive of mesoporous character (Fig. 4). This is also consistent with
the high-magnication TEM image (Fig. 3a), which showed
wormhole-likemesopores in the outer shell. SBET of Pd–Fe–1(H)
was determined to be 84.77m2 g�1. The above results conrmed
the formation of the hollow structure and the mesoporous
shells.

Pd–Fe bimetal crystallized well and showed obvious lattice
structure in the high-resolution transmission electron micros-
copy (HRTEM) image in Fig. 5. Meanwhile, the inset SAED
pattern of Pd–Fe–1(H) in Fig. 5 shows diffuse rings resulted
from the Pd (111), (200), (220) and (311) reections.37 This is
consistent with the X-ray diffraction (XRD) pattern, as the fcc Pd
(111), (311) diffractions and Pd–Fe (200), (220) diffractions
matched with Pd–Fe alloy standard card (PDF. 00-002-1440)
Fig. 3 (a) TEM image of a single hollow sphere in Pd–Fe–1(H), (b and c)
elemental mapping data [Pd (blue) and Fe (yellow)] for the sphere in (a).
(d) Cross-sectional compositional line profiles taken from Pd–Fe–1(H)
spheres (the background shows the HAADFSTEM image of a single
hollow sphere in Pd–Fe–1(H)).

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 N2 adsorption/desorption isotherms of Pd–Fe–1(H).

Fig. 5 HRTEM image of Pd–Fe–1(H). The inset is the SAED image of
Pd–Fe–1(H).

Fig. 6 XRD patterns of Pd–Fe–1(H).

Fig. 7 Room temperature magnetization curves of Pd–Fe–1(H).
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(Fig. 6). Then the Joint Committee Powder Diffraction Standard
(JCPDS) of Fe (PDF. 00-001-1252) and Pd (PDF. 00-001-1201) are
used for comparison. The diffraction peaks of Pd–Fe–1(H) are
shied to the position between those of the two pure metals,
which further conrms alloy formation.38

Magnetic measurements were carried out on a vibrating
sample magnetometer (VSM) at room temperature. The super-
para magnetic behavior of the magnetic Pd–Fe–1(H) was
demonstrated by plotting magnetization curves (Fig. 7). There
was no hysteresis in the magnetization for the tested particles.
Furthermore, it was observed that the superpara magnetic
behaviour of the magnetic particles and the value of the satu-
ration magnetization was 5.68 emu g�1 for Pd–Fe–1(H), which
represents its excellent magnetism. Thus, our catalyst can be
recovered from the solution with the help of external magnetic
eld. Meanwhile, the gure also shows the photograph of the
catalyst being pulled magnetically.
Catalyst testing for Suzuki coupling reactions

Aer the successful preparation of Pd–Fe–x(H), its effectiveness
for the Suzuki coupling reaction between iodobenzene and
This journal is © The Royal Society of Chemistry 2015
phenylboronic acids in water was examined using the same
amount of Pd in the reaction mixtures. It could be clearly
observed that the iodobenzene conversion over Pd–Fe–x(H) was
rstly increased and then decreased with the increase of Fe-
content (Table 1). The maximum iodobenzene conversion was
obtained on Pd–Fe–1(H). The promotional effect of Fe-dopants
on catalytic activity should be attributed to their dispersing
effect on Pd active sites, which would allow more favorable
oxidative addition of the metallic Pd to the carbon–halogen
bond, enhancing the catalytic efficiency.39 However, excess
amount of Fe-content was detrimental to the activity because of
the coverage of Pd active sites. At the same time, when the Pd
content is too high, it will make the agglomeration of Pd
particles and the decrease of the catalytic activity.

The reaction between iodobenzene and phenylboronic acid
was used as a model reaction for the optimization of alkaline
RSC Adv., 2015, 5, 38264–38270 | 38267
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Table 2 The cross-coupling of phenylboronic acid and iodobenzene
with different base and indifferent temperature in the presence of the
Pd–Fe–1(H) catalysta

Entry Base
Temperature
(�C) Yieldb (%)

1 Na2CO3 70 21
2 K2CO3 70 77
3 K3PO4$3H2O 70 76
4 KOH 70 84
5 NaOH 70 94
6 NaOH 60 86
7 NaOH 80 99

a Reaction conditions: a catalyst amount containing 0.015 mmol Pd,
aryl halides (1.5 mmol), phenylboronic acids (2.25 mmol), water (5.0
mL) and base (3 mmol), reaction time ¼ 30 min. b Determined by GC
or GC-MS.

Table 4 Reusability of the hollow Pd–Fe–1(H) catalyst for the Suzuki
reactiona
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and temperature in Suzuki reaction. The results were summa-
rized in Table 2. With the temperature xed as 70 �C, the
reaction proceeded well (yield is 94%) when the inorganic base
NaOH was used. As NaOH was the most efficient base for the
present catalytic system, it was chosen for subsequent
Table 3 Pd–Fe–1(H) catalyzed Suzuki coupling reactiona

Entry R1 X R2 T Yieldb (%) Ton Tof (h�1)

1 4-H I 4-H 30 min 94 63 126
2 4-H I 4-H 50 min 99 66 79.2
3 4-CH3 I 4-H 3 h 96 64 21.3
4 4-OCH3 I 4-H 2 h 96 64 32
5 4-OH I 4-H 3 h 95 63.3 21.8
6 4-COCH3 I 4-H 50 min 98 65.3 78.4
7 2-NH2 I 4-H 2 h 95 63.3 32.7
8 4-H Br 4-H 8.5 h 93 62 7.3
9 4-H Br 4-H 9.5 h 97 64.7 6.8
10 4-CH3 Br 4-H 20 h 75 50 2.5
11 4-NH2 Br 4-H 18 h 98 65.3 3.6
12 4-COCH3 Br 4-H 2 h 98 65.3 32.7
13 –NO2 Br 4-H 2 h 98 65.3 32.7
14 2-NO2 Br 4-H 9 h 50 33.3 3.7
15c 2-NO2 Br 4-H 9 h 98 65.3 7.3
16 4-H Cl 4-H 20 h 49 32.7 1.6
17 4-CH3 Cl 4-H 24 h 45 30 1.3
18 4-H I 4-CH3 2 h 95 63.3 31.7
19 4-H Br 4-CH3 11 h 94 63 5.7
20 4-H Cl 4-CH3 23 h 51 34 1.5

a Reaction conditions: a catalyst amount containing 0.015 mmol Pd,
aryl halides (1.5 mmol), phenylboronic acids (2.25 mmol), sodium
hydroxide (3 mmol) and water (5.0 mL), T ¼ 70 �C. b Determined by
GC or GC-MS. c TBAB (1 mmol).

38268 | RSC Adv., 2015, 5, 38264–38270
investigations. Further experiments showed that when the
temperature increased from 60 �C to 70 �C, the yield of product
was increased from 86% to 94% (Table 3, entries 5–7). However,
when the temperature was 80 �C, the yield of product did not
increase signicantly. Therefore, considering energy saving, the
optimized reaction condition is: 70 �C and NaOH.

The results of the Suzuki cross-coupling reaction of aryl halides
with phenylboronic acid or 4-methylphenylboronic acid are
summarized in Table 3. At a Pd loading of 1 mol%, Pd–Fe–1(H)
afforded satisfactory biaryl yields (95–99%) for iodobenzene con-
taining 4-CH3, 4-OCH3, 4-OH, 4-COCH3 and 2-NH2 groups in the
time range from 50 min to 3 h (Table 3, entries 2–7). For aryl
bromides with substituents such as 4-CH3, 4-NH2, 4-COCH3,
4-NO2 and 2-NO2, complete conversions were observed and the
corresponding biaryl products with yields of 50–98% were also
achieved in the time range from 2 h to 20 h (Table 3, entries 8–15).
Aryl bromides bearing strong electron-withdrawing groups need
relatively longer time to produce amoderate yield. Further studies
indicated that chlorobenzene can also react with phenylboronic
acid. However, it took a very long time even more than 20 h to
achieve a good yield of 45–49% (Table 3, entries 16–17).
Pd–Fe–1(H) also exhibited a high activity in the Suzuki cross-
Run 1 2 3 4 5
Yield aer 50 minb (%) 99 96 95 93 90
Run 6 7 8 9 10
Yield aer 50 minb (%) 90 88 89 86 85

a Reaction conditions: a catalyst amount containing 0.015 mmol Pd,
aryl halides (1.5 mmol), phenylboronic acids (2.25 mmol), sodium
hydroxide (3 mmol) and water (5.0 mL), reaction time ¼ 50 min, T ¼
70 �C. b Determined by GC or GC-MS.

Table 5 Catalytic activity of different proportion of Pd–Fe–x(H)a

Catalyst Yieldb (%) Yieldb (%) aer 5 times

Pd–Fe–0.5(H) 87 80
Pd–Fe–1(H) 96 90
Pd–Fe–2(H) 89 81
Pd–Fe–3(H) 90 83
Pd–Fe–5(H) 91 85

a Reaction conditions: a catalyst amount containing 0.015 mmol Pd, 4-
iodotoluene (1.5 mmol), phenylboronic acids (2.25 mmol), sodium
hydroxide (3 mmol) and water (5.0 mL), reaction time, 3 h, T ¼ 70 �C.
b Determined by GC or GC-MS.

This journal is © The Royal Society of Chemistry 2015
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coupling reactions of 4-methylphenylboronic acid, with satisfac-
tory yields of 51–95% (Table 3, entries 18–20).

The recyclability of Pd–Fe–1(H) was further investigated
because the recyclability of the Suzuki catalyst is one of themost
important issues for practical applications. We therefore turned
our attention to the reusability of our Pd catalyst using phe-
nylboronic acid and iodobenzene as model substrates (Table 4).
Aer the model Suzuki coupling reaction was carried out under
the optimized reaction conditions, the catalyst was recovered by
external magnetic separation, washed with ethanol completely,
dried under vacuum and reused for the next run. As shown in
Table 4, no signicant decrease in conversion was observed
aer performing at least 10 cycle experiments. ICP analysis
detected that the weight loss of Pd aer 10 consecutive runs is
2.1%. A small amount of yield decline may be due to the loss of
Pd nanoparticles in the recycling process. It is thus concluded
that the nature of Pd active sites did not change aer being used
repetitively. The results further conrmed the high recyclability
of Pd–Fe–1(H).

Suzuki coupling reactions between 1-iodo-4-methyl-benzene
and phenylboronic acids in aqueous medium were used for
template reaction. We conducted a series of experiments, the
datum refer to Table 5. All the Pd–Fe catalysts displayed high
catalytic activity and the yield could reach above 80% aer cycle
5 times. Especially when Pd : Fe ¼ 1 : 1, it could achieve a good
yield of 90% which was much better than others and the
reduction of the yield was least. The above conclusions fully
indicate that Pd–Fe–1(H) has optimal catalytic activity.

Conclusions

In summary, the present work reports composition controllable
and easily reusable Pd–Fe catalysts with hollow chamber
structure prepared through a vesicle-assisted chemical reduc-
tion method. The as-prepared hollow Pd–Fe catalyst exhibits
much high activity during Suzuki cross-coupling reactions in
water by increasing the number of Pd active sites. Other hollow
bimetallic catalysts could also be prepared based on the present
method, offering more opportunities in designing new and
powerful catalysts.
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