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a b s t r a c t

Suzuki-Miyaura (S-M) is regarded the most powerful way for synthesis biaryls, triaryls, or incorporating
of substituted aryl moieties in organic preparation by the cross-coupling of aryl boronic acid with aryl
halides using the Pd catalyst. This work reports the combining of the hydrothermal and microwave-
assisted protocol to convert the glucose to magnetic carbon spheres (Fe3O4-CSPs) decorated with Pd
nanoparticles (NPs) as the catalyst for Suzuki-Miyaura cross-coupling reactions. The physicochemical
properties in the produced composite were examined using FESEM, HRTEM, nitrogen isotherms,
Raman spectroscopy, FTIR, XPS, and XRD. The as-fabricated composite Pd/Fe3O4-CSPs is mostly spherical
with a core–shell structure and possesses a great surface area of 253.2 m2�g�1. Its catalytic performance
demonstrates that the composite has excellent stability and high tolerance Suzuki-Miyaura cross-
coupling reactions in 30 min at 80 �C. Both activated and deactivated aryl halides provided excellent
yield. The as-fabricated catalyst was recycled for up to four catalytic cycles without a substantial decline
in performance. Moreover, this research offers a facile roadmap for synthesizing Pd/Fe3O4-CSPs compos-
ites and promoting the practical implementation of Pd/Fe3O4-CSPs catalysts for organic transformation
processes.
� 2021 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction

Due to their numerous advantages in industrialized uses,
heterogeneous catalysis systems have gained great interest in
recent decades, such as feasible separation from the chemical pro-
cess and substantial durability [1,2]. Researchers have concen-
trated mainly on nanoscale composites among the different
heterogeneous catalysis models due to their enormous active sur-
face area and exceptional functionalization performance [3,4].
Carbon-based composites are one well-known nonmetric catalytic
material, particularly in the last few decades. Carbon is plentiful on
earth as a non-mental component and plays a major role in various
applications. Carbon materials predominantly comprise carbon
atoms in which microstructures and morphologies exhibit enor-
mous variety. Carbon materials have a wide collection of carbon
comprising mesoporous carbon, graphene, carbon sphere, carbon
nanotube, carbon fiber, and quantum dots [5–14]. Within this large
carbon family, carbon spheres are of major relevance as carbon-
based materials possess great surface areas and common
geometries. Various fabrication parameters can tune the pores size
distribution and porosity shape via appropriate development
approaches [15]. Carbon spheres were commonly applied in a
variety of applications, including removal [16,17], supports [18],
batteries [19], and supercapacitors [20,21]. Cross-coupling trans-
formations have usually been carried out under homogeneous
procedures [22–26]. However, owing to the scarcity of durability
and possible pollution from remaining metals in the development
product, the problems connected with homogeneous catalysis con-
tinue to concern for various applications of these catalytic methods
[27,28]. Major endeavors have been undertaken to promote the
production of CAC coupling catalysts in which the metallic palla-
dium nanoparticles are immobilized on supports like nanomateri-
als [29–33], activated carbon [34], or zeolites [35,36] to tackle this
problem. A decrease in the performance of the immobilized metal-
lic nanoparticle is commonly noted, although heterogeneous sup-
ports enable powerful recycling. The tailoring of heterogeneous
metallic palladium catalysts that comprise high performance, sta-
bility, and reusability is an essential objective of research into
nanomaterials that is likely to have a major future effect on various
industries. Suzuki-Miyaura (S-M) is considered the most powerful
approach for preparing biaryls, triaryls, or incorporating of
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substituted aryl groups in organic preparation by the cross-
coupling of aryl boronic acid with aryl halides using the Pd cata-
lyst. While several Pd catalysts for the S-M reaction were used
[37–39], a quick and potential heterogeneous catalysis by this
Pd-carbon sphere (CSPs) was not recorded to a large extent.
Besides, CSP-based nanocatalysts might well be expected to dis-
play great catalytic performance because of the large surface areas,
common geometries, and less complicated fabrication approach
using eco-friendly chemicals of CSPs compared to other support
materials. Thus, it is desirable to explore an effective strategy for
developing magnetically recoverable and incredibly effective palla-
dium supported CSPs Suzuki-Miyaura catalyst.

Herein, we report a hydrothermal approach for the fabrication
of magnetically recoverable Fe3O4-CSPs composites. The carbon
spheres (CSPs) were made using a hydrothermal process of glucose
as a carbon precursor and carbonization at 700 �C. Without chem-
ical additives, the fabrication process is green, simple, eco-friendly,
and template-free. The Fe3O4-CSPs support were used to immobi-
lize Pd nanoparticles results in a significant improvement of the
activity of the Pd nanoparticles in the solid Pd/Fe3O4-CSPs catalyst
for the Suzuki coupling reactions with unparalleled catalytic per-
formance approaching that of the current homogeneous Pd
catalysts.
2. Experimental

2.1. Chemicals

All presented materials were provided as obtained without any
further purification. phenylboronic acid (95%), 1-bromobenzene
(�99%), 4-bromoacetophenone (98%), 3-bromoacetophenone
(98%), 2-bromoacetophenone (98%), 4-bromobenzonitrile (98%),
1-bromo-4-nitrobenzene (98%), 2-bromoanisole (98%), 4-
bromotoluene (98%), palladium (II) nitrate (99.99%), Sodium acet-
ate (CH3COONa, � 99%), dichloromethane anhydrous (�99.8%),
chloroform (�99.5%), potassium carbonate (K2CO3, � 99.9%) were
procured from Sigma-Aldrich Co., USA. Acros Organics supplied
ethanol (99.5%). D (+) Glucose used to prepare CSPs was obtained
from Merck KGaA Co., Germany. Sodium sulphate (99+%) and
FeCl3�6H2O (99+%) were provided from Fisher Scientific Co., UK.
Fig. 1. Schematic representation emphasizing
Distilled water provided in all measurements was obtained by
Milli-Q direct 8 purification system (Millipore, France).

2.2. Materials

2.2.1. Preparation of carbon spheres (CSPs)
Typically, by the aid of sonication, 5.0 g of D(+) glucose anhy-

drous was soluble in 50 ml of DI water, then added the glucose
solution to a 75 ml Teflon-lined stainless steel autoclave. The auto-
clave was tightly closed and slowly heated to 180 �C in a furnace
for 10 h. The intense brown products obtained were gathered by
simple filtration, washed with deionized water and ethanol many
times, and dried overnight at 80 �C. Finally, the CSPs were obtained
by calcinating of the polymerized glucose at 700 �C for 4 h with a
heating rate of 5 (�)�min�1 under the flow of nitrogen gas in a pro-
grammable tube furnace [40,41] (Fig. 1).

2.2.2. Synthesis of magnetically carbon spheres Fe3O4-CSPs
The CSPs (0.5 g) were typically sonicated for 2 h in ethylene gly-

col (30 ml). A mixture of (0.9375 g) FeCl3�6H2O and (2.4 g) sodium
acetate was introduced to the dispersed CSPs with continuous son-
icating at 50 �C for 1 h to form a homogeneous blend. Then, the dis-
persed mixture was moved to a 50 ml Teflon-lined stainless steel
autoclave. The autoclave was tightly closed and heated in a furnace
for 10 h at 200 �C and then kept cooling down to ambient temper-
ature. Finally, with the assist of a magnet, the product (Fe3O4-CSPs)
were magnetically isolated, and rinsed several cycles with DI water
and ethanol and dried at 80 �C for 12 h (Fig. 1).

2.2.3. Synthesis of Pd@ Fe3O4-CSPs composite
In deionized water (30 ml), the Fe3O4-CSPs (0.5 g) were first

sonicated for 1 h until uniform suspension was achieved. A calcu-
lated amount of palladium nitrate was then introduced with con-
tinuous sonicating for a further 1 h. After adding 50 ll of the
hydrazine hydrate, the solution was put inside a domestic micro-
wave. For a total reaction time of 120 s, the microwave oven was
then worked at maximum output in 40 s cycles (on for 20 s, off
and stirring for 20 s). Finally, with the aid of a magnet, the Pd/
Fe3O4-CSPs catalyst were magnetically separated and dried over-
night under a vacuum (Fig. 1).
the preparation of Pd/Fe3O4-CSPs catalyst.



Fig. 2. (a) FT-IR spectra, and (b) XRD diffraction patterns of CSPs and Fe3O4-CSPs
catalyst containing various dosage of Pd.
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2.3. Characterization

X-ray diffraction (XRD) was conducted X-ray di_ractometer
Maxima–X (D/Max2500VB2+/Pc, Shimadzu, Kyoto, Japan) diffrac-
tometer at 40 kV and 40 mA with Cu-Ka radiation. FTIR spectra
were collected in the 4000–400 cm�1 range by Shimadzu IR
Tracer-100 (Shimadzu, Kyoto, Japan). X-ray photoelectron spec-
troscopy (XPS) measurements on K-ALPHA (Thermo Fisher Scien-
tific, Dreieich, Germany) was operated. The N2 isotherms and
surface characteristics were obtained at 77 K using A NOVA
4200e (Quantachrome Instruments, Quantachrome, Boynton
Beach, USA). Thermogravimetric profiles (TGA) were conducted
on TGA-51 Shimadzu (25–600 �C, 10 �C�min�1, under flowing air
gas). The morphological structure of the catalyst were investigated
by the field emission scanning electron microscopy (FESEM,
Thermo Scientific Quattro ESEM, Thermo Fisher, Waltham, MA,
USA). High-resolution transmission electron microscopy (HRTEM)
images were obtained using a JEOL2011 electron microscope oper-
ated at 200 kV. The Suzuki coupling reaction product was moni-
tored by NMR-Jeol 600.

2.4. Catalytic performance

In a magnetically stirred round, bottom flask at 30 �C in etha-
nol, the Suzuki-Miyaura reaction of phenylboronic acid and an
aryl halide utilizing Pd/Fe3O4-CSPs as the catalyst in the exis-
tence of K2CO3 as a basic material was performed. A blend of
phenylboronic acid (135 mg, 1.1 mmol) and 4-
bromoacetophenone (200 mg, 1.0 mmol) was soluble in 15 ml
of ethanol in a 50 ml round-bottom flask and 5 mg Pd/Fe3O4-
CSPs and (138 mg, 1 mmol) of K2CO3 was introduced to the
reaction mixture. After that, the blend was agitated for 30 min
at 80 �C. Upon completion of the reaction time, a magnet was
utilized to separate the Pd/Fe3O4-CSPs catalyst from the reaction
mixture. Dichloromethane/chloroform treated with Na2SO4 was
used to extract biphenyl and unreacted aryl halides (if detected).
After filtration, the dichloromethane was separated using rotary
evaporation under reduced pressure. The products were dis-
solved in CDCl3, and 1H NMR was applied to analyse them.
The yield was estimated by comparing the signals integration
values of both biphenyl with the unreacted aryl halide. The yield
(%) was estimated for the reaction between bromobenzene and
PhB(OH)2, by compared the integral of the signal at d 7.41
(biphenyl) with those at d 7.2 (unreacted bromobenzene). The
yield assign to various aryl halide conversion was also based
on 1H NMR (Section S1, Fig. S1-1 – S1-7 in the Supplementary
Material).

2.5. Catalyst recyclability

To emphasize the durability of Pd/Fe3O4-CSPs in the Suzuki-
Miyaura, the recyclability tests were performed by selecting the
reaction between phenylboronic acid with 4-bromoacetophenone
as a model reaction. The catalyst was also isolated by a magnet’s
aid after each reaction and washed thoroughly with methanol–wa-
ter (8:2) blend under continuous stirring (�3 times, each time for
�30 min). The separated catalyst was dried overnight at 120 �C and
used for the next experiment.

2.6. Leaching performance experiment

The Pd/Fe3O4-CSPs were retrieved from the reaction vessel at
80 �C after 10 min. The filtrate was split into two parts: the first
part was further operated for 30 min at 80 �C and, NMR tracked
the other.
3. Results and Discussion

3.1. Spectroscopic characterization

FT-IR spectra are employed to confirm the hydrothermal syn-
thesis of the carbon spheres composite. Fig. 2(a) showed the spec-
tra of the glucose precursor, polymerized glucose (as grown),
Fe3O4-CSPs, and Pd/Fe3O4-CSPs composite. The spectrum of the
polymerized glucose (as grown CSPs) comprising the following
bands: wide absorption band from 3000–3500 cm�1 is ascribed
to OH stretching, weak band at 2900 cm�1 related to stretching
modes of CAH aliphatic, absorption peaks at 1614 and
1709 cm�1 are respectively ascribed to C@C, and C@O modes, the
characteristics absorption bands in the range of 1000–1500 cm�1

assigned to stretching CAOH and bending OAH modes, and peaks
in between 500–900 cm�1 are essentially connected to bending
CAH. The obtained results demonstrated the incidence of aromati-
zation and polymerization (as grown CSPs) during the glucose
hydrothermal process [40–43]. Once the polymerized glucose (as
grown CSPs) was calcined at 700 �C, the bands at 2900, 1700,
and, in the range of 1000–1500 cm�1 vanished, indicating further
elimination of a huge number of oxygen-containing moieties



Fig. 4. TGA profiles of CSPs, Fe3O4-CSPs, and 0.03% (mol) Pd@Fe3O4-CSPs catalysts.
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present on the CSPs surface. Furthermore, the absorption band at
517 cm�1, ascribed to the FeAO vibrations, confirming the coating
of CSPs surface with magnetite. It should be noted that the FTIR
spectra of Pd/Fe3O4-CSPs composite are nearly identical to that of
the pristine Fe3O4-CSPs. However, the intensity of the absorption
bands becomes relatively weaker, suggesting the surface func-
tional groups of the Fe3O4-CSPs remained unchanged after the
immobilization of Pd nanoparticles.

To emphasize and verify the successful synthesis of Fe3O4-CSPs
magnetic composite, XRD was conducted. Two diffraction peaks
persisted at 2h value of 22� and 43.7� in the XRD patterns (Fig. 2
(b)) of the pristine CSPs, that were assigned to the crystal plane
(0 0 2) and (1 0 0) of the graphite materials, respectively [14].
The consequence of low crystalline phase and a massive number
of structural disorder is the broadening of peaks. Moreover, the
decoration of CSPs with Fe3O4 resulted in five diffraction peaks at
29.7�, 35.04�, 42.6�, 56.8�, and 62.5�, related to (2 2 0), (3 1 1),
(4 0 0), (5 1 1) and (4 4 0) of Fe3O4 (PDF#19-0629), respectively.
Besides, the XRD pattern did not display distinctive diffraction
peaks of Pd nanoparticles, suggesting that Pd nanoparticles were
fruitful dispersion within the porous structure of the CSPs.

To further affirm the transformation of glucose to CSPs, Raman
spectra are displayed in Fig. 3. The Raman spectrum of CSPs is dis-
played by two definite bands, the G band at 1595 cm�1, and the D
band at 1380 cm�1 [40]. The G band contributes to the E2g mode of
graphite mode ascribed to the two-dimensional hexagonal lattice
vibration sp2-carbon atoms. The D band, on the other hand, refers
to the defects in the graphitic structure. The Raman spectrum of
Pd/Fe3O4-CSPs composite displayed the same band at 1593 and
1390 cm�1 which also ascribed to G and D modes. Besides, a defi-
nite D/-shoulder at about 1616 cm�1 was also observed in Pd/
Fe3O4-CSPs composite due to the disorders of the structure at the
defect centers. It is worth noting that the intensity ratio (ID/IG) is
calculated to determine carbon matrix quality since this ratio
nearly zero for highly order carbon [44]. ID/IG value of the CSPs
coating with Pd/Fe3O4, rises from 0.36 of pure CSPs to 0.70 of Pd/
Fe3O4-CSPs, suggesting an increase of defects or disorders carbon
matrix [44] that can lead to enhancement in the catalytic process.

3.2. Thermal stability

TGA was conducted on pure CSPs, Fe3O4-CSPs, and Pd/Fe3O4-
CSPs nanocomposite as displayed in Fig. 4 to fully understand the
Fig. 3. Raman spectra of Fe3O4-CSPs and Fe3O4-CSPs catalyst containing 3% dosage
of Pd.
thermal stability and events of the fabricated materials. It can be
seen that the thermograph of CSPs indicates a slight mass loss of
about 4% from 30 to 100 �C, probably due to the adsorbed water
Fig. 5. (a) N2 adsorption–desorption isotherms at 77 K (b) pore size distribution of
CSPs and Fe3O4-CSPs catalyst containing various dosage of Pd.
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removal. TG curve of the graphitic CSPs attains a plateau up to
500 �C with no remarkable mass loss, after which they would start
to lose mass eventually. In Fe3O4-CSPs, and Pd/Fe3O4-CSPs
nanocomposite, the TGA profiles displayed similar profiles with
distinctive mass loss stages with increasing temperature. The first
mass loss at about 100 �C can be ascribed to the elimination of the
physi-sorbed water. The second significant mass loss at around
200 �C is related to the labile oxygen functional moieties
decomposition.
Fig. 6. FESEM-EDS of CSPs (a)–(c), and 0.03%

Table 1
Texture characteristics for pure CSPs and Fe3O4-CSPs nanocomposite containing
various contents of Pd nanoparticles

Catalysts BET/m2�g�1 Vp/cm3�g�1 r/nm

CSPs 289.1 0.1651 1.72
Fe3O4-CSPs 267.3 0.1553 1.81
0.01% (mol) Pd/Fe3O4-CSPs 255.4 0.1456 1.91
0.03% (mol) Pd/Fe3O4-CSPs 253.2 0.1402 1.93
3.3. Surface and morphological assessment

For CSPs, Fe3O4-CSPs, and Pd/Fe3O4-CSPs nanocomposite con-
taining various Pd nanoparticles (0.01% and 0.03%, mol), the N2

adsorption–desorption isotherms at 77 K are seen in (Fig. 5(a)).
Based on IUPAC classification, all samples displayed type I iso-
therms which is a key feature of microporous materials. Coating
the CSPs with Fe3O4 and Pd nanoparticles did not change the loops
and the isotherm form, indicating that the microporous structure
was preserved; however, the adsorption ability was decreased.
The surface area of CSPs amounts to 289.1 m2�g�1. The surface area
of Fe3O4-CSPs, 0.01% (mol) Pd/Fe3O4-CSPs, and 0.03% (mol) Pd/
Fe3O4-CSPs were 267.3, 255.4, and 253.2, respectively, that were
lower than CSPs due to the introduction of Fe3O4 and Pd nanopar-
ticles species within the pores of CSPs that had almost a low sur-
face area (Table 1). In addition, the beneficial porosity effect
disappeared with the immobilization of Fe3O4 and Pd nanoparti-
cles, resulting in a decline in the volume of the pore and pore
(mol) Pd@Fe3O4-CSPs catalysts (d)–(f).
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diameter (Table 1). Therefore, it is hypothesized that Fe3O4 and Pd
species may allocate the shaped pore structure for the composite
to the blockage effect. The pore size distribution (PSD) of all mate-
rials is displayed in Fig. 5(b). All samples have roughly the same
PSD with different microporous area maximums. The accessibility
of porosity for catalysis is required as it would offer greater acces-
sible sites to improve the catalytic properties.

Field emission scanning electron microscopy (FESEM-EDS) was
employed to morphologies CSPs (Fig. 6(a) and (b)). As can be
shown, the CSPs with smooth surfaces are quite well dispersed
and exhibit well-defined uniform spherical shapes. It is possible
to verify CSPs porosity from the intensified FESEM images (Fig. 6
(b)). Furthermore, the morphology of the CSPs is remaining unal-
tered after coating with Fe3O4 and immobilization of Pd nanopar-
Fig. 7. HRTEM of CSPs (a)–(b), Fe3O4-CSPs (c)–(d), and 0.03% (mo
ticles (Fig. 6(d) and (e)). The energy dispersive X-rays’
investigation of the CSPs and 0.03% (mol). Pd@Fe3O4-CSPs was con-
ducted, and the evaluated element’s quantity percentage was
shown in Fig. 6(c) and (f). It can be noted that the corresponding
EDS results confirm the peaks ascribed to C, O, Fe, and Pd in the
synthesized composite and no other elements are present.

In order to investigate the micro-structure, the fabricated CSPs
have been further examined by the higher resolution TEM as illus-
trated in Fig. 7. HRTEM images confirm that the CSPs are success-
fully synthesized and exhibit a uniform spherical morphology with
smooth surface and average size of 400 nm. The immobilization of
CSPs with Fe3O4 and Pd nanoparticles has been recognized by
HRTEM. As can be seen, the spherical morphology of the CSPs
remained unchanged after coating with Fe3O4 and metallic Pd
l) Pd@Fe3O4-CSPs (e)–(f) (inset the particle size distribution).



Fig. 9. Suzuki cross-coupling reaction of 4-bromoacetophenone with phenyl-
boronic acid catalyzed by CSPs, Fe3O4-CSPs, and Pd/Fe3O4-CSPs composite contain-
ing various dosage of Pd nanoparticles.
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NPs. The morphology of the Fe3O4-CSPs composite displays a core–
shell characteristic with fine particles coated on the CSPs surface,
as displayed in Fig. 7(c) and (d). The diameter of the generated
Fe3O4-CSPs with carbon shells is around 160 nm, while the thick-
ness Fe3O4 layer in the shell is around 20 nm. Pd nanoparticles
had a roughly spherical morphology with typical particle size dis-
tribution of 2–4 nm (inset in Fig. 7(f)) and were rather well dis-
persed over the surface of carbon spheres, as seen in Fig. 7(e)
and (f).

3.4. Catalytic performance for Suzuki-Miyaura reaction

The catalytic efficiency of the magnetic Pd composite (with Pd
contents of 1% and 3%, mass) has been examined using the
Suzuki-Miyaura as a model reaction of phenylboronic acid
(1.1 mol) and 4-bromoacetophenone (1.0 mmol) with a 5 mg cat-
alyst in ethanol at 80 �C for 30 min as described in Fig. 8. A control
test was conducted to have a better understanding about the func-
tion of palladium in catalytic performance. Under the same reac-
tion conditions, the Suzuki-Miyaura coupling of phenylboronic
acid and 4-bromoacetophenone in the existence of K2CO3 demon-
strated that the reaction failed without the catalyst. Furthermore,
commercially Pd/C catalyst, the most commonly exploited catalyst
in coupling processes, only converts 10% under the same reaction
conditions. This could be owing to the irregular size distributions
of Pd nanoparticles, with considerable quantities of Pd NPs
agglomerating on the carbon support’s surface. The palladium con-
centration, the applicability of different substrate, and reusability
of the prepared composite were examined.

3.4.1. Effect of palladium concentration
In the sense of heterogeneous catalysis of the Suzuki-Miyaura

cross coupling process, Pd-NP loaded on a core–shell magnetic car-
bon sphere called Fe3O4-CSPs were seen to be potential catalysts
for the coupling of aryl halides with phenylboronic acid. Fig. 9
shows the biphenyl yield as described in Fig. 8 for CSPs, Fe3O4-
CSPs, and different loadings of the Fe3O4-CSPs with palladium
nanoparticles under the reaction circumstances (1 mol 4-
bromoacetophenone, 1.1 mol phenylboronic acid, 1 mmol K2CO3,
5 mg catalyst, for 30 min at 80 �C). The results revealed that both
CSPs, and Fe3O4-CSPs demonstrated poor activity affording a yield
of 1% and 7%, respectively, to the biphenyl product as tracked by
1HNMR spectroscopy. However, the fashioned composites contain-
Fig. 8. Suzuki cross-coupling reactio
ing palladium nanoparticles have demonstrated superior activity
toward Suzuki coupling. With the smallest Pd loading 0.01%
(mol), the process affording a yield of 95% biphenyl product. Sim-
ilarly, when 3% (mass) loadings was employed, the catalyst still
performed efficiently, offering a yield of 100% under the same reac-
tion conditions. Metallic nanoparticles are extremely active
because of their great surface-to-volume ratio [29]. On the other
hand, as the nanoparticles size rising by aggregation, the abun-
dance of active sites, found in most cases at surface defect centers
like vertexes and edges, reduces. The very facile reduction to Pd(0)
under catalytic conditions, not only during hydrogen reduction but
also in Suzuki cross-coupling reactions, is a particular palladium
feature. Consequently, Pd(II) used in situ forms Pd(0) as a catalyst
precursor, which is turned to Pd NPs under the preparation
conditions.

3.4.2. Nature of active sites of Suzuki cross coupling reaction and
mechanism

To obtain more understanding about the oxidation state and the
binding energy of Pd loaded on Fe3O4-CSPs surface, the XPS analy-
sis were performed. The O 1s, C 1s, and Fe 2p, regions were noted
n over Pd@Fe3O4-CSPs catalyst.



Fig. 10. XPS spectra of Pd/Fe3O4-CSPs fashioned composite: C 1s (a), O 1s (b), Fe 2p (c) and Pd 3d (d).
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and examined using the Gaussian-Lorentzian approach, as dis-
played in Fig. 10(a)�(c). The Pd element’s oxidation status in the
Fe3O4-CSPs nanocomposite was also verified. The binding energies
for Pd(0) 3d3/2 and 3d5/2, respectively, were 341.01 and 335.68 eV
in Fig. 10(d), confirming the presence of metallic Pd NPs in Fe3O4-
CSPs nanocomposite. Furthermore, for Pd(II), the binding energy
values were 343.83 and 338.1 eV, respectively. The XPS findings
display that the catalyst is made up of a combination of Pd(0)
and Pd(II) in varying concentrations on the surface of Fe3O4-CSPs.
Pd(0) has a surface concentration of 78.6%, while Pd(II) has a sur-
face concentration of 21.4% for Pd(II). The appearance of Pd(II) ions
on the composite surface might be owing to Pd(II) being attached
to surface oxygen moieties provided by the CSPs surface, or being
coated by the metallic Pd NPs, so the Pd(II) still has not been
reduced to Pd(0). It seems that the exceptional activity of the fab-
ricated Pd/Fe3O4-CSPs core–shell catalyst is specifically ascribed to
the large amount of Pd(0) and Pd(II) active sites existing in the as-
synthesized composite as well as the great dispersion of the metal-
lic species over CSPs. A common catalytic mechanism for the cross-
coupling (Fig. 11) comprises the oxidative- addition of aryl halides
to the Pd(0) species to generate Ar1-Pd(II)-X, and seems to be the
rate-determining step in the catalytic mechanism. This step is fol-
lowed by trans-metalation with primary-group arylmetallics
(Ar2M) to offer the diarylpalladium (Ar1-Pd(II)-Ar2) complex that
can endure a reductive-elimination, resulted in Ar1-Ar2 (CAC) bond
development and catalyst regeneration [45].
3.4.3. The scope for Suzuki cross coupling reaction
A wider spectrum of substituted aryl halides has been coupled

with phenylboronic acid under the optimal reaction conditions to
emphasize the scope for this CAC coupling reaction. The findings
are presented in Table 2. All Pd/Fe3O4-CSPs core–shell catalysts
were noticed to have shown superior catalytic performance. The
0.03% (mol) Pd/Fe3O4-CSPs core–shell seemed to be the strongest
among the screened catalysts and was thus selected as the catalyst
in the further Suzuki-Miyaura reaction experiment. The data dis-
played in Table 2 indicate that the 0.03% (mol) Pd/Fe3O4-CSPs
core–shell catalyst was extremely effective corresponding to TOF
of 0.1490 h�1 and TON of 745 in case of using 1-bromobenzene
and TOF of 13221 h�1 and TON of 661 in case of using 1-
bromoanthracene, and the majority of these reactions were rapid
and completed within 30 min. Obviously, aryl bromide bearing
either electron-withdrawing or electron-donating moieties exhib-
ited comparable reactivity and reacted efficiently to the corre-
sponding yield.

3.4.4. Catalyst reusability and palladium leaching
All of the coupling reactions performed facilely to deliver the

anticipated product with high yields. But for practical implementa-
tions of heterogeneous processes, the durability of the catalyst and
its reusability degree are essential considerations. Eventually, we
explored the reusability of the 0.03% (mol) Pd/Fe3O4-CSPs core–
shell catalyst for the reaction of 4-bromoacetophenone with



Table 2
Substrates scope of aryl halides for the Suzuki-Miyaura cross-coupling reaction catalyzed by 0.03% (mol) Pd/Fe3O4-CSPs

Entry Yield/% TOF TON

1 98 1490 745

2 99 1505 753

3 99 1505 753

4 99 1505 753

5 98 1490 745

6 99 1505 753

7 87 1322 661

Fig. 11. Catalytic reaction mechanism of the Suzuki cross-coupling reaction over Pd@Fe3O4-CSPs catalyst.
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phenylboronic acid as the model reaction for 30 min at 80 �C. The
catalyst was collected by a magnet and dried in a vacuum after the
first cycle. The catalyst was then directly recycled for up to four
consecutive runs of the reaction under similar conditions as
described above. The findings are presented in Table 3. The results
revealed that up to four runs, the recovered catalyst have not sub-
stantially lost its performance. Using the AAS analysis, metallic pal-
ladium leaching from the catalyst was further investigated. The
findings indicate that just a trace quantity of the metallic Pd is lea-
ched out from the Fe3O4-CSPs. The function moieties on CSPs offer
efficient binding centers combined with palladium, thus allowing
facile catalyst recycling and mitigating metal leaching.

We compared our results to those cited in the literature for
magnetically recyclable Pd-based catalysts [46–53]. Table 4 shows
the findings of bromobenzene interacting with phenylboronic as a
model test reaction. It can be shown that the results acquired in



Table 3
Reusability of the 0.03% (mol) Pd/Fe3O4-CSPs catalyst for the Suzuki-Miyaura cross-Coupling

Entry Cycle Time/min Temperature/�C Yield/%

1 first 30 80 100
2 second 30 80 100
3 third 30 80 99
4 fourth 30 80 98

Reaction conditions: 4-bromoacetophenone (1.0 mmol), phenylboronic acid (1.1 mmol), K2CO3 (1.0 mmol), EtOH (10 ml), and 5 mg catalyst at reflux under air for 30 min at
80 �C.

Table 4
Catalytic activity of various Pd-based catalysts in the Suzuki-Miyaura cross-coupling of bromobenzene and phenylboronic acid

Catalyst Solvent Base Time/h Temperature/�C Yield/% Ref.

Co@C@Pd THF-H2O Na2CO3 12 65 92 [46]
Pd-Fe3O4 BME-H2O Na2CO3 24 Reflux 70 [47]
Pd/PRGO EtOH-H2O K2CO3 4 Microwave 100 [48]
Pd@SBA-15 H2O K2CO3 1 80 98 [49]
Pd@CNPCs DMF-H2O K2CO3 3 50 98.2 [50]
MUA-Pd DMF NaOH 12 90 92 [51]
Pd-TMV CH3CN-H2O Na2CO3 24 50 53 [52]
Pd-MTAMT DMF-H NaOH 10 85 85 [53]
Pd/Fe3O4-CSPs EtOH K2CO3 0.5 80 98 This Work
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this investigation were more active than those previously pub-
lished. Some harmful solvents such as CH3CN and p-xylene were
utilized, despite the fact that some of them can also provide high
yields. These compounds are not as beneficial as the ethyl alcohol
applied in this study. The use of our Pd/Fe3O4-CSPs nanoparticles is
simple due to the advantages of easy separation, high stability, and
ease of manufacture. Furthermore, in certain studies, Pd complexes
were utilized, and the synthesis procedure of the complexes dam-
aged several groups, potentially lowering the catalytic activity.
4. Conclusions

In conclusion, a facile eco-friendly approach were successfully
employed to fabricate the Fe3O4-CSPs core–shell decorated with
Pd nanoparticles. Utilizing this approach, an unparalleled Fe3O4-
CSPs immobilized nano palladium has been exploited for the
Suzuki-Miyaura cross-coupling reactions. The core–shell compos-
ite thus synthesized has been displayed to be powerful in the
CAC bond formation processes. The substrate variety demon-
strated the strong tolerance of the core–shell composite to differ-
ent functional moieties. Furthermore, without a substantial
decrease of performance, we could repetitive reuse of the catalyst
up to four catalytic cycles. Such reasonable tailoring on the
nanocatalysts of the metallic NPs and CSPs will tailor and develop
of high-performance multi-functional nanocatalysts.
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