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Robust C-PdNi-CNF Sandwich-Structured Catalyst for Suzuki
Reactions and Experimental Study on the Mechanism
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ABSTRACT: The stability of metal nanoparticles is one of the key
issues for their catalytic applications. In this study, we fabricated a
sandwich structure to protect the metal nanoparticles. A carbon
layer was used to wrap the PdNi nanoparticles on the carbon fiber,
and the whole preparation process was simple and green. Electron
transfer occurs between the carbon layer and the metal nano-
particles, making the two more closely combined. As a catalyst for
the Suzuki reaction, it exhibits highly efficient catalysis and
excellent stability. The calculated TOF reaches 18 662 h™'. After
nine cycles, there was almost no decrease in performance.
Additionally, we found that the addition of iodobenzene into the
chlorobenzene reaction system could significantly improve the
chlorobenzene conversion, and we proved that the catalyst has fine activity and stability with a bright future in commercial
applications. The possible catalytic mechanism of Suzuki reaction was proposed based on experimental results. This study provides a
simple and green method to prepare encapsulated metal nanoparticle catalysts and gives a deep insight into Suzuki reaction.
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B INTRODUCTION

full dispersion of nanoparticles and prevent aggregation. The

Heterogeneous catalysts based on noble metal nanoparticles
have attracted widespread attention due to their high catalytic
efficiency in many liquid phase catalytic reactions. Due to the
excellent catalytic performance of palladium nanoparticles (Pd
NPs) in C—C coupling reaction,”” pollutant degradation,
hydrogenation,” and C—H activation,” palladium-based heter-
ogeneous catalysts have been extensively studied by
researchers.

The catalytic performance of Pd NPs mainly depends on
their chemical environment. The electron distribution on the
surface of the nanoparticles could be adjusted by the
coordination of nanoparticles, and the catalyst exhibits
excellent activity in the specified reaction.” For example, the
strong interaction between the metal and support not only
stabilizes the metal particles but also tailors the electronic state
of metal by using a hydroxyapatite supporter.” Heteroatom
doping is another method for fixing metal particles and
regulating their surface charge.” Generally, the small size of Pd
NP could obtain a large accessible surface area and reveal high
catalytic activity. However, with the decreasing size of Pd NPs,
the surface energy increase, which makes the nanoparticles
easier to agglomerate, and the performance of the nano-
particles is reduced or loses its activity. Therefore, the stability
of Pd NP is also a key issue for its further application.*” One
solution is to use supports, such, as carbon, '’ A1203,11’12
mesoporous silica,">'* and carbon nanofibers,"* to immobilize
nanoparticles. The large surface area of supports and strong
interaction between Pd NPs and the support could ensure the
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specific diameter of the carrier pores can also prevent the
continuous growth of nanoparticles. Another solution is to
wrap the nanoparticles with layered materials. The coating
layer could restrict the mobility of nanoparticles from
corroding and agglomeration during the reaction. For example,
the encapsulated transition metal nanoparticles into carbon
nanotubes can effectively prevent 3d transition metal from
corroding in acidic media. Meanwhile, electron transfer
between the carbon layer and metal makes the catalyst exhibits
high stability and activity in oxygen reduction and hydrogen
evolution reaction.'”

Suzuki reaction is a typical Pd NP catalytic reaction,'® which
plays an important role in the synthesis of pharmaceutical
intermediates'® and fine chemicals.”’ Our previous study has
reported that the addition of Ni atoms into the Pd NPs catalyst
could improve the activity in the Suzuki reaction due to the
synergy between Pd and Ni."> Meanwhile, the replacement of
noble metal Pd by non-noble metal Ni without activity loss is
an efficient way to decrease the cost of catalyst. Herein, we
proposed a simple and new method to encapsulate Pd—Ni
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Scheme 1. Schematic Diagram of x-C-PdNi-CNFs Preparation
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nanoparticles in a sandwich structure.”** The nanoparticles
are protected by the carbon layer to achieve multiply multiple
high-efficiency utilization of the catalyst in the Suzuki reaction.
Besides, we found that when iodobenzene and chlorobenzene
coexist in the reaction system, the conversion of chlorobenzene
was improved remarkably. Thus, a possible reaction mecha-
nism was proposed.

B EXPERIMENTAL SECTION

The support was prepared by electrospinning. The spinning
solution was obtained by dissolving 0.5 g polyacrylonitrile
(PAN) and 0.1 g beta-cyclodextrin (f-CD) in 4.5 ¢
dimethylformamide. When PAN and f-CD were completely
dissolved, the homogeneous precursor solution was electro-
spun onto aluminum foil at a distance of 18 cm and a voltage
of 16 kV to obtain a CD-PAN film.

The Pd and Ni metals were loaded on the CD-PAN film by
the sputtering method. A spark ablation nanoparticle generator
was used to synthesize PANi NP with a voltage of 1 kV and a
current of 5 mA.>* In this process, a pair of cylindrical PdNi
electrodes were placed in the holder. Then, the carrier gas
(N,) passed through the gap between the electrodes at a flow
rate of 5 L/min. The metal nanoparticles were generated from
the ablation of the PdNi electrode, which was condensed and
deposited on the CD-PAN nanofiber membrane to obtain
PdNi/CD-PAN.

To prepare the sandwich structure catalysts, the PVP
solution was poured on the PdNi/CD-PAN membrane, and
then, the sample was filtered using a vacuum pump. After
drying the surface, the film was further dried at 100 °C for 1 h.
Finally, it was calcined in a tube furnace in a N, atmosphere at
250 °C for 2 h and then at 400 °C for 2 h at a rate of 2 °C/
min. After the samples were cooled down to room temper-
ature, x-C-PANi@CNFs samples were obtained (x = 1, 3, 6,
and 9, corresponding to the concentration of PVP solution = 1,
3, 6, and 9%, respectively). For comparison, we also prepared a
sample without the addition of PVP and labeled it C-CNFs.
The preparation was similar to the step of x-C-PdANi@CNFs
but without adding the PVP.

The procedure of testing the catalytic performance of x-C-
PANi@CNFs in the Suzuki coupling reaction was similar to
our precious work.”* In a typical run, aryl halide or its
derivatives (0.5 mmol), phenylboronic acid (0.55 mmol), base
(0.5 mmol), and catalyst were mixed into the C,H;OH/H,0
(v/v = 4/3) solution at 80 °C. After reaction for 1 h, the used

catalyst was collected and washed thoroughly with a mixture of
ethanol and water. Then the dried catalyst was reused for the
next cycle. The conversion and product selectivity were
analyzed by GC.

B RESULTS AND DISCUSSION

Morphology and Physicochemical Properties of x-C-
PdNi-CNFs. Scheme 1 illustrates the preparation process of

NiO

/

Ne =720

Intensity (a.u.)

20 40 60 80
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Figure 1. Surface morphologies of 3-C-PdNi-CNFs, (a—d) are its
SEM, TEM, and HRTEM images. (e) EDX maps of C, N, O, Ni, and
Pd. (f) XRD patterns of 3-C-PdNi-CNFs.

the x-C-PANi@CNFs. First, a -CD doped PAN fiber
membrane was prepared by electrospinning method, and
then, the PdNi nanoparticles were loaded on the fiber
membrane by an electric spark sputtering method. After
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Figure 2. (a) Ni 2p (b) Pd 3d XPS spectra of 3-PdNi-CNFs and PdNi/CNFs (c) N 1s (d) O 1s XPS spectra of 3-PdNi-CNFs, PdNi/CNFs, and
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Figure 3. Time course of the biphenyl yield by x-C-PdNi-CNFs.
Reaction conditions: aryl halides or their derivates (0.5 mmol),
phenylboronic acid or the various derivates of it (0.55 mmol), K,CO,
(0.5 mmol), and catalyst (1 mg) were added into the solvent mixture.
Air atmosphere, 80 °C, and without any stirring during the reaction.

treating the PdNi-loaded fiber membrane with PVP solution
and filtering using a vacuum pump, the sample was carbonized
in a N, atmosphere at 400 °C. The morphology of the
prepared catalyst was tested by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As
shown in Figures S1—S4, the introduction of #-CD and the
sputtering of nanoparticles did not change the structure of the
PAN fiber membrane. However, PVP treatment results in an
increase of the fiber diameter from 300 to 370 nm and the
formation of cross-linking between the fibers.

After treating the sample at a high temperature in a N,
atmosphere, the desired catalyst is obtained. As shown in
Figures 1a,b and S5—S7, the fiber diameter is reduced by about
20 nm due to the decomposition and carbonization of PVP. It
is supported by the Fourier transform infrared (FTIR) spectra,
shown in Figure S8. The vibrations of the functional groups of
PVP disappear in x-C-PdNi@CNFs, indicating that the PVP in
PVP-CD-PAN is completely converted into a carbon layer.
The TEM image in Figure lc shows that a carbon layer of
about 8 nm is wrapped on the carbon fiber substrate, while the
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high-resolution TEM (HRTEM) analysis (Figure 1d)
confirmed that the NiO and PdO particles are also protected
in the carbon layer. The carbon protective film can ensure the
effective catalytic reaction of the nanoparticles, and can also
realize the multiple uses of a large number of nanoparticles.
The element mapping images (Figure le) show the even
distribution of Pd and Ni species supported on CNFs.

The composition and structural properties of samples are
explored by a combination of ICP, X-ray diffraction (XRD),
and Brunauer—Emmett—Teller. In 3-C-PANi@CNFs, the
contents of Pd and Ni elements are 0.43 and 0.99 wt %,
respectively. The N, adsorption—desorption isotherms reveal
that the surface area of CD-CNFs is 29 m® g~', while the
specific surface area of 3-C-PANi@CNFs increases to 128 m*
g ". The increase in the surface area resulted from the coating
of the carbon layer. From XRD patterns (Figure 1f), the
prepared sample exhibit the diffraction of 23.8°, suggesting the
formation of graphite carbon species after carbonization.

The small peak at 20 = 43.275° is attributed to the (111)
crystal plane of NiO (JCPDS 47-1049). Note that the XRD
diffraction peak of nickel oxide is shifted to a small angle by
0.175° compared to the standard PDF card of NiO (JCPDS
47-1049), suggesting that the unit cell volume of NiO is
slightly increased. It might be caused by the insertion of
palladium into the crystal lattice of NiO. Moreover, owing to
the low content of Pd in the catalyst, the palladium species is
not observed in the XRD pattern.

XPS analysis was performed to obtain the surface electronic
properties of the samples. The overall XPS spectra of the
samples (Figure S9) show that 3-C-PANi@CNFs and PANi@
CNFs contain C, O, N, Nij, and Pd elements, while C-CNFs
contain C, O, and N elements. The Ni 3d XPS spectra (Figure
2a) show two doublet peaks. The two peaks at 873.4 and 855.4
eV are attributed to Ni 2p,, and 2p;, of Ni** species,
respectively.”>*® The other two peaks at 879.4 and 861.2 eV
are the shake-up satellite peaks of Ni**. By comparing 3-C-
PdNi-CNFs and PdNi/CNFs, it is found that the binding
energy of Ni in 3-C-PdNi-CNFs shifts to the low binding
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Table 1. 3-C-PdNi-CNF-Catalyzed Suzuki Reaction between Aryl Halides and Arylboronic Acid”

Entry Aryl halide Arylboronic acid Conversion (%)  Selectivity (%)
1 @—1 O_B(OH)Z 99 99
CH;
2 @—1 <i>—3(0n)2 93 99
H;C
3 @—1 @—B(OH)Z 90 98
4 CH3—©—1 <j>—3(on)2 91 99
NO,
5 @_ | <i>—3(0n)2 99 99
O)N
6 @—1 @—B(OH)Z 99 99
7 OZN—©—I <j>—3(on)2 99 99
OCH;
8 @—1 @—B{OH)Z 99 99
H;CO
9 @_l <i>—3(0ﬂ)2 99 99
10 H3CO—©—I O_B(OH)Z 99 99
11 @—Br O_B(OH)Z 96 99
c O O - -

“Reaction conditions: aryl halides (0.5 mmol), phenylboronic acid or the various derivates of it (0.55 mmol), K,CO; (0.5 mmol), and catalyst (S

mg) were added into the solvent mixture. Air atmosphere, 80 °C, and without any stirring during the reaction.
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Figure 4. Reusability of the 3-C-PdNi-CNF catalyst.

energy, indicating that electron transfer from carrier to metal.
At present, it is believed that the oxidative addition step of the
first step of the Suzuki reaction is an electrophilic reaction, so
the electrons obtained by Pd are beneficial to participate in the
first step reaction. The Pd 3d XPS spectrum of PdNi/CNFs

only shows two peaks at 337.2 and 341.2 eV, which are
attributed to Pd(11).>"**

A similar fitting analysis for the Pd 3d XPS spectrum of 3-C-
PdNi@CNFs (Figure 2b) suggests that two additional peaks
appear on it besides Pd** peaks owing to the ex both Pd® and
Pd*** It suggests that the carbon layer reduces Pd** to Pd’.
Because the carbon layer protects the metal nanoparticles,
palladium can exist in the form of metal. The N 1s peaks
(Figure 2c) at 398.5 and 399.8 eV are attributed to pyridine-
like and pyrrole-like nitrogen, respectively.”” The O 1s XPS
spectra (Figure 2d) are fitted with peaks at 531.0 and 533.3,
which are assigned to surface oxygen vacancies and
chemisorbed oxygen, respectively.”’ Note that the peaks of
two O species and pyrrole-like N species shift to the higher
binding energy side. Considering the changes in surface
electronic properties of Pd and Ni, we conclude that the
electron transfer occurred between the coating layer and metal
nanoparticles. This is due to the existence of electron transfer
between the carrier and the metal, which facilitates the binding
between the carrier and the PdNi and improves the catalytic
performance of the Pd. As a result, the palladium—nickel nano-
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Figure 5. Result of the reaction when iodobenzene and
chlorobenzene coexist. Catalyst (a) is 3-C-PdNi-CNFs, and catalyst
(b) is a commercial Pd/C catalyst. The blue curve indicates that the
biphenyl is derived from iodobenzene, and the red curve indicates that
the biphenyl is derived from chlorobenzene.
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Figure 6. Recycling of the 3-C-PdNi-CNF-catalyzed Suzuki reaction
with the coexistence of Ar—I and Ar—Cl derivates. Orange bars
indicate that the biphenyl is derived from iodobenzene, and yellow
bars indicate that the biphenyl is derived from chlorobenzene.

particles can be more firmly attached to the carrier, which
provides the possibility for multiple uses and efficient use of
the catalyst.

Application of x-C-PdNi@CNFs in Suzuki Coupling
between lodobenzene and Phenylboronic Acid. The
catalytic performance of the x-C-PANi@CNFs was evaluated
for the Suzuki coupling reaction, which is a typical Pd-
nanoparticle-catalyzed reaction. First of all, we explored the
influence of the PVP concentration used in sample preparation
on the activity of the Suzuki coupling reaction. As shown in
Figure 3, the sample prepared with a PVP concentration of 3%
(3-C-PANi@CNF) exhibits the fastest reaction rate in the
Suzuki reaction between aryl iodobenzene (Ar—I) and

arylboronic acid (Ar—B(OH),). Moreover, the linear relation-
ship between In(Cy/C,) and reaction time suggests (Figure
$10) that the Suzuki coupling over x-C-PdNi@CNF samples is
a first-order reaction for iodobenzene, which is consistent with
the previous result obtained based on Pd/CeO,-RE catalyst.*!
Meanwhile, it is also concluded that the concentration of PVP
does not affect the order of the reaction.

Taking the activity into consideration, the 3-C-PdNi@CNF
catalyst is chosen for further exploration of catalytic generality.
The results of the Suzuki coupling reaction with different aryl
iodobenzene and arylboronic acid are summarized in Table 1.
It can be found that by using the 3-C-PdNi@CNF catalyst, the
aryl iodobenzene (Table 1, entry 1) is effectively converted
into the corresponding coupling product with yields of 98%. It
suggests that the designed 3-C-PANi@CNF catalyst shows
excellent activity for the Suzuki reactions. The calculated TOF
is 18662 h™', which is much higher than most palladium
catalysts (Table S1). When the aryl iodide induced by the
—CHj;, —OCHj;, or —NO, group is used as a substrate, the
yield of corresponding coupling products is still higher than
88% (Table 1, entry 2—10).

The reusability of the catalyst was tested by using
iodobenzene and phenylboronic acid as probe reactants of
the Suzuki reaction. As shown in Figure 4, the yield of the
product can maintain >98% even after being recycled 9 times.
For comparison, we also performed the recycling experiment
for the reaction over PdNi/CNFs, the performance of the
catalyst declined to lower than 90% after S cycles (Figure S11),
confirming that the carbon layer is able to protect the
nanoparticles during the reaction.

Application of 3-C-PdNi@CNFs in Suzuki Coupling
between Halogenated Benzene and Phenylboronic
Acid. The activity of Suzuki coupling between halogenated
benzene and phenylboronic acid is listed in Table 1, entries 1,
11, and 12. The conversion of Ar—I and Ar—Br is 99 and 96%,
respectively, while the selectivity to corresponding coupling
products of two reactions is equal with a value of 99%,
suggesting that conversion of iodobenzene is easier than
bromobenzene in the Suzuki reaction. However, chloroben-
zene can not be converted by the 3-C-PANi@CNF catalyst.
For the Suzuki coupling reaction, it is generally accepted that
the oxidative addition step of halobenzene and palladium is the
rate-limiting step.”” Because the reaction with chlorobenzene
requires high activation energy, chlorobenzene is unreactive
under the optimized condition (Table 1 entry 12) for the
Suzuki coupling reaction.

Interestingly, our experimental results show that when
chlorobenzene and iodobenzene co-exist in the reaction
system, the chlorobenzene can also participate in the reaction
with high conversion of chlorobenzene. The conversion of
chlorobenzene gradually increases with increasing the ratio of
iodobenzene to chlorobenzene in the system (Figure Sa).
When the ratio of iodobenzene to chlorobenzene is 4:1, the
yield is reached (55%). That is to say, the yield of Suzuki
coupling between chlorobenzene and arylboronic acid is
increased from 0 to 55% with the addition of iodobenzene.
We also explored the universality of the promotion effect of
iodobenzene based on commercial palladium—carbon catalyst.
As shown in Figure Sb, a similar result was obtained,
suggesting that the discovery can be extended to commercial
Pd/C catalysts. Moreover, we also tested the recycling ability
of catalysts in this reaction system. As shown in Figure 6, the
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Figure 7. Mechanism of the Suzuki coupling reaction with the coexistence of Ar—I and Ar—Cl.

Table 2. 3-C-PdNi-CNF-Catalyzed Suzuki Reaction with the Coexistence of Ar—I and Ar—Cl Derivates”

entry aryl halide X-aryl halide
1 I-Ar Cl-Ar—NO,
2 I-Ar Cl-Ar—CN
3 I-Ar Cl-Ar—CH;
4 I-Ar Cl-Ar—OCH;
S I-Ar Cl-Ar
6 I-Ar I-Ar

“Reaction conditions: the ratio of iodobenzene to X-aryl halide is 1.5:1.

phenylboronic acid

biphenyl yield (%) x-biphenyl yield (%)

Ar—B(OH), 99 318
Ar—B(OH), 99 26.7
Ar—B(OH), 99
Ar—B(OH), 99
Ar—B(OH), 99 353

chlorobenzene conversion over 3-C-PANi@CNFs can main-
tain >38% even after being recycled for the fifth time.

To further illustrate the reason for the high chlorobenzene
conversion when chlorobenzene and iodobenzene co-exist in
the reaction system, a possible reaction mechanism is proposed
based on the abovementioned analysis and published work®>**
(Figure 7). The reaction is initialed by the oxidative addition
step, that is, Ar—X interacts with Pd° to generate Ar—Pd*-X
species, which has been proved to be the rate-determining step.
In our case, Ar—I, rather than Ar—Cl, attacks the palladium
nanoparticles, forming an Ar—Pd**—I intermediate. Then, a
part of the Ar—Pd*'—I reacts with Ar—Cl to generate Ar—
Pd**—Cl. Thus, the high activation energy of the reaction
between Ar—Cl and Pd’ to form Ar—Pd**—Cl is replaced by an
easier reaction (Ar—I reacts with Pd°) followed by the halogen-
exchange reaction, leading to the reduction of the overall
activation barrier. Finally, both Ar—Pd**~I and Ar—Pd**—Cl
react with OH- and Ar—B(OH), to produce Ar—Pd**—Ar.
The Ar—Ar product is generated through the reductive
elimination of Ar—Pd*"—Ar.

Based on the above-speculated reaction mechanism, we
believe that the intermediate Ar—Pd**—X is more prone to
nucleophilic reactions than Pd° alone. Table 2 entry 1 and 2
shows that chlorobenzene with electron-withdrawing groups
can participate in the reaction, and the yield of pure
chlorobenzene is consistent. Meanwhile, as shown in Table 2
entries 3 and 4, it is difficult for chlorobenzene with electronic
donating groups to take part in the reaction, and the
corresponding substituted biphenyls are obtained. All these
observations further confirm the speculation. Besides, we
excluded the interference of the Ullmann reaction on the yield
of biphenyl (Table 2 entry 6).

B CONCLUSIONS

In this work, a sandwich structured x-C-PdNi@CNF catalyst,
consisting of carbon film coating, encapsulated Pd—Ni
nanoparticles, and carbon support, was synthesized by a
simple, green, and environmentally friendly method. The
prepared 3-C-PANi@CNF catalyst exhibited excellent catalytic
performance and ultra-high cycle stability in the Suzuki
coupling reaction. The calculated TOF reaches 18 662 h™'.
After 9 cycles, there is almost no decrease in performance. Our
experimental study innovatively proved that the addition of
iodobenzene into the chlorobenzene reaction system could
facilitate the reaction between chlorobenzene and phenyl-
boronic acid. When the ratio of iodobenzene to chlorobenzene
is 4:1, the yield is reached (55%). We extended this discovery
to Pd/C catalysts, and the same phenomenon occurred. This
discovery has positive significance for large-scale synthesis.
Meanwhile, the possible mechanism for the Suzuki coupling
reaction with the coexistence of chlorobenzene and iodoben-
zene in the reaction system was proposed.
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