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EAEELE G 2 e 0 Palladium nanoparticles (Pd NPs) supported on the surface of sodium dodecyl
Published online: sulfonate (SDS)-intercalated layered double hydroxide (LDH) nanocomposites
5 July 2016 were synthesized by a one-step, facile ultrasonic method. The Pd/SDS-LDH

nanocomposites were characterized by UV-visible spectroscopy, X-ray diffrac-

© Springer Science+Business tion, transmission electron microscopy, scanning electron microscopy, X-ray

Media New York 2016 photoelectron spectroscopy, Nj-adsorption, Fourier transform infrared spec-
troscopy, and inductively coupled plasma optical emission spectrometry. The
Pd NPs had an average size of 3.56 nm and were uniformly dispersed on the
SDS-LDHs surface. The conversion of 4-bromotoluene catalyzed by Pdg o2/SDS-
LDHs reached 98.16 % with 0.1 mmol % catalyst at room temperature without
any phase transfer agents, toxic solvents, or inert atmosphere; this conversion
was much higher than that of Pdo,/SDS-LDHs prepared without ultrasound.
This was attributed to the high dispersion and size uniformity. Notably, Pdg s/
SDS-LDHs had a much higher catalytic activity than that of commercial Pd/C
catalyst with the same Pd content due to the strong interaction between the Pd
species and the SDS-LDHs in the Pd/SDS-LDH nanocomposites. These cata-
lysts could be easily separated by centrifugation, and could be recycled five
times with little activity loss.

Introduction synthesize natural products [3-5], pharmaceuticals
[6], and advanced functional materials [7].

However, the traditional C—C coupling reactions

The palladium-catalyzed Suzuki-Miyaura coupling have several disadvantages. First, toxic, sensitive

reaction [1, 2] is one of the most important organic  organic solvents, phase transfer reagents, and com-

transformations for the construction of carbon-car-  plex organic ligands are used, and these compounds

bon bonds, and it has been extensively used to  may cause serious environmental problems [8, 9].
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Second, reactions are carried out in harsher reaction
conditions, e.g., at higher temperatures and with
inert gas, which consume more energy and generate
more harmful gases [10, 11]. Furthermore, homoge-
neous palladium catalysts, which are the most widely
used in Suzuki-Miyaura reactions, have an
inevitable drawback that restricts their practical
application, i.e., the difficulty in separating and
recycling the expensive Pd species [12].

Heterogeneous catalysts are preferred over homo-
geneous catalysts due to their facile separation from
the reaction mixture and the possibility of recycling.
Supported Pd NPs play a pivotal role in a wide range
of catalysis reactions, especially in Suzuki-Miyaura-
type reactions. Nevertheless, there are also a number
of obstacles, such as aggregation and leaching of Pd
NPs on the surface of supports, which result in Pd
having a low utilization efficiency. One solution for
this problem is to uniformly disperse Pd NPs on the
surface of supports, such as metal oxides [13, 14],
carbon materials [15], porous materials [16], and
polymers [17].

Recently, layered double hydroxides (LDHs), also
known as hydrotalcites or hydrotalcite-like com-
pounds, have attracted an increasing amount of
attention as a new support for the most favorable
layered crystals used in the preparation of
nanocomposites; this attention is due to specific
properties of LDHs, such as their ability to exchange
anions, and to undergo reconstruction (also called the
“structure memory effect”) [18, 19]. LDHs could be
represented by the general formula [M(I);_,.
M@IID) x (OH),*"(A"),/,- mH,0O, where M (II) and
M (III) represent any divalent and trivalent cations,
respectively, and A"~ is the interlayer anion [18, 19].
LDHs represent a type of natural or synthetic porous
material that has a large surface area and many
hydroxyl groups on the surface, which render these
materials excellent options for dispersing and carry-
ing Pd NPs. Anionic dodecyl sulfate (SDS) has been
intercalated into the interlayers of LDHs mainly via
anion exchange and has also been examined as a
support for the improvement of Pd NPs dispersion
and organic pollutant adsorption [18, 20].

Effectively controlling and stabilizing Pd NPs size
and morphology is an alternative way to address the
problem of low efficiency. Considerable attempts
have been made to obtain uniform NP dispersions
with effective control over particle size; these NPs are
usually fabricated by physical and chemical
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reduction methods. Notably, the probability of NP
aggregation increases as particles are reduced. To
prevent undesired agglomeration, metal NP fabrica-
tion processes are often performed with the addition
of a stabilizing reagent, such as functionalized poly-
mers [21], surfactants [22], and tetraalkylammonium
salts [23, 24]. However, one of the drawbacks of using
stabilizers is that strong adsorption to the active sites
of nanoparticles may diminish catalytic activity.

Sonochemical treatment is a new technology that
has shown to be effective for preparing noble metals
NPs. The decomposition of water molecules into
hydrogen and hydroxyl radicals, which is induced
under ultrasonic irradiation by high temperatures
and high pressures generated in collapsing cavities,
can be utilized to reduce high-quality nanoparticles
[25-27]. Extensive studies have reported that Pd cat-
alysts can be prepared by ultrasonic methods. For
example, Tang et al. synthesized porous palladium
nanostructures by sonicating a solution of K,PdCl,
and ascorbic acid for formic acid electro-oxidation
[26]. Su et al. prepared Pd NPs supported on a
g-C3Ny surface by ultrasonication [27]. However, in
most cases, a relatively strong reductant (e.g., NaBHy,
ascorbic acid), a long reaction time, or a specific,
high-power ultrasonic system is needed. Further-
more, protective reagents or surfactants have been
required in previous ultrasound synthesis processes
[28, 29].

In this work, we present a facile and green syn-
thesis method for fabricating Pd/SDS-LDH
nanocomposites by ultrasonically treating Pd pre-
cursors in ethylene glycol. The Pd NPs dispersed
uniformly on the surface of the SDS-LDHs without
any additives or surfactants. The as-prepared catalyst
exhibited superior catalytic performance in Suzuki-
Miyaura coupling reactions, even in mild conditions,
i.e.,, without phase transfer agents, toxic solvents,
high temperatures or pressure or inert atmosphere.
The catalyst can be reused up to six times without a
significant loss of activity.

Experimental
Materials

All chemicals were of reagent grade and were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
All halides and phenylboronic acid (CsH7BO,) used
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for the Suzuki coupling reactions were purchased
from Yurui Chemical Co., Ltd. (Shanghai). All the
chemicals were used without further purification.

Synthesis of SDS-LDHs

Sodium dodecyl sulfate (SDS)-intercalated, layered
double hydroxides (LDHs) [MgzAl(OH)g]"(DS™)-2H,O
were synthesized by a co-precipitation method. Typi-
cally, MgCl-6H,O (12.198 g, 60 mmol), AICl;-6H,O
(14.484 g, 20 mmol), and SDS (5.7676 g, 20 mmol) were
dissolved in deionized water (40 mL) to obtain solution
(a) withMg**/AI’* /SDSatamolar ratio of 3:1:1,and an
aqueous solution (b) containing NaOH (1.2 mol L")
was prepared. Then, solution (b) was dripped into
solution (a) to maintain the pH of the mixture at 9-10
under flowing N,. The obtained solution was trans-
ferred to a Teflon-lined stainless steel autoclave for a
hydrothermal treatment at 100 °C for 16 h. After cool-
ing, the resultant mixture was centrifuged and subse-
quently filtered. The filtrate was washed with deionized
water three times and dried at 80 °C for 4 h, yielding
SDS-intercalated MgAI-LDHs (denoted here as SDS-
LDHs); the yield was = 7.22 g (67.4 %).

Synthesis of Pd/SDS-LDH nanocomposites

In a typical ultrasonic synthesis of Pd/SDS-LDH
nanocomposites, 0.5 g of SDS-LDHs in 30 mL of
ethylene glycol was mixed using an ultrasonic bath at
a frequency of 25 kHz and an input power of 100 W
for 30 min. The reaction temperature was maintained
at 30 = 1 °C by water surrounding the reactor. Next,
1.8 mL of the aqueous Na,PdCl, (0.5 mol L") solu-
tion was rapidly added to the container and mixed
under 25 kHz ultrasonic waves with an input power
of 400 W for 30 min. The final black solid, denoted
here as Pdg,/SDS-LDHs, was centrifuged and
washed with deionized water three times, subse-
quently dried at 70 °C in an oven overnight, and
ground into a fine powder. For comparison, Pdg gos/
SDS-LDH, Pdg05/SDS-LDH and Pdg0/SDS-LDH
nanocomposites were also prepared under the same
experimental conditions; the yield was 83.5, 84.3,
80.0, and 80.0 %, respectively. As a control, Pd/SDS-
LDH nanocomposites were prepared by conventional
magnetic stirring in the absence of ultrasound and
are denoted here as “Pd/SDS-LDHs-T.” A schematic
of the experimental setup is shown in Fig. 1.
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Figure 1 Schematic of the ultrasonic generator.

Characterization

The ultrasonic reduction of Na,PdCl; solution was
monitored by UV-vis spectrometer (Shimadzu spec-
trophotometer, model UV 2450). X-ray diffraction
(XRD) patterns were measured on a Bruker D8
Advance X-ray diffractometer using Cu irradiation
(A = 0.15418 nm) with the scanning speed of 0.5% "
from 5° to 80° (20). Transmission electron microscopy
(TEM) images were recorded with a JEM-2100FX
Transmission electron microscope operating at
200 kV. Scanning electron microscopy (SEM) analysis
was performed using a Philips FEI Sirion microscope.
Brunauer-Emmett-Teller (BET) surface area was
obtained by nitrogen sorption experiments con-
ducted at 77 K using a Quantachrome Autosorb Gas
Sorption analyzer. X-ray photoelectron spectroscopy
(XPS) analysis was conducted on a Kratos AXIS
ULTRA DLD spectrometer with a monochromatic Al
Ka (1486.6 eV) radiation. The C 1 s peak at 284.6 eV
was used for calibration. Surface chemistry of the
synthesized particles was studied with FTIR which
was carried out on Nicolet 6700 spectrophotometer
(Thermo Nicolet, USA). The Pd loadings were
determined by inductively coupled plasma optical
emission spectrometry (ICP-OES, PerkinElmer,
Optima 5300DV).

Suzuki-Miyaura coupling reaction

In a typical run, Pd/SDS-LDHs catalyst (13.30 mg,
2.5 pmol) was added to a stirred solution of aryl
halide (3925 mg, 2.5 mmol), K;CO; (691.0 mg,
5.0 mmol), and phenylboronic acid (365.8 mg,
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3.0 mmol) in the mixed solution of EtOH/H,O
(30 mL). The reaction mixture was stirred at room
temperature. After completion of the reaction, the
catalyst was separated by centrifugation and then
washed with ethanol three times. The mixture was
extracted with ethyl acetate three times. The organic
layers were combined and evaporated under reduced
pressure to obtain crude product which was purified
afterward by column chromatography. The purity of
the products was identified by HPLC analysis, and
yields were calculated on the basis of aryl halides.

Results and discussion
UV-visible spectra

UV-visible spectra with a variable wavelength from
250 to 800 nm were used to detect whether bivalent
palladium was completely reduced to zerovalent
palladium. Figure 2 shows the absorption spectra for
palladium colloidal suspensions of different Pd
loadings, which were ultrasonically treated for
30 min. The absorption of the Na,PdCl, solution was
used as a reference sample for comparison. The
absorption bands presented in the reference sample
spectrum are attributed to the characteristic absorp-
tion of PdCl,>~ species [28, 30]. The absence of
absorption peaks above 300 nm in all of the samples
indicates that the initial palladium (II) species was
adequately reduced. These results showed that the
ultrasonic method could quickly reduce palladium,
which is an advantage.

Pd, ,,/SDS-LDHs
Pd, ,,/SDS-LDHs

Pd, ,,/SDS-LDHs
Pd, 4,5/SDS-LDHs
Na,PdCl, sol

Absorbtion (a.u.)

1 1 1 1 1 1 1 1 1 1

250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 2 UV-visible spectra of the Na,PdCl, solution and Pd/
SDS-LDHs nanocomposite suspensions with different Pd loads
after 30 min of ultrasonic irradiation.
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XRD analysis

The XRD patterns of the LDHs, SDS-LDHs, and Pd/
SDS-LDHs at 20 = 5°-80° are shown in Fig. 3. The
LDH XRD patterns (Fig. 3a) showed a typical, well-
ordered, layered structure with a basal spacing (003)
of 7.9 A [31]. In the case of the SDS-LDHs samples
(Fig. 3b), the (003) peak position shifted lower, to
20 =7.1°, with a larger basal spacing (003) of
approximately 12.2 A (Table S1); these results indi-
cated that the SDS successfully intercalated into the
LDHs interlayers [32]. With a brucite layer that is
4.8 A thick (Al/Mg-hydroxide sheet), the interlayer
space was calculated to be approximately 7.4 A,
which was lower than the length of the alkyl chains
of C1,H,5805™ anions (approximately 20.8 A), sug-
gesting that the intercalated SDS was in a flat or tilted
arrangement [33].

The overall form of the XRD pattern of the Pd/
SDS-LDH nanocomposites was similar to that of the
pure SDS-LDHs (Fig. 3b). All the Pd/SDS-LDH
nanocomposites with different loads had nearly the
same basal spacing value (Table S1), indicating that
the Pd NPs were not between the layers but were
instead on the LDH surface (likely the basal surface
or edges). Compared with the pure SDS-LDHs, the
peak intensity of the Pd/SDS-LDH nanocomposites
with different loads was significantly broader in
shape and lower in intensity due to the random dis-
persion of Pd NPs on the SDS-LDH surface, forming
a hybrid composite. In Fig. 3c and d, as the Pd NPs
were too small and the amount of Pd present was too
low to yield sharp XRD peaks, only a broad modu-
lation of the most intense (111) line of metallic Pd is
observed at 20 = 40.1° for the samples with a Pd load
of 5wt% (Fig.3e). Up to a Pd load of 10 wt%
(Fig. 3f), prominent Bragg reflections at 20 values of
40.1°, 46.1°, and 67.9° were observed, corresponding
to the (111), (200), and (220) Bragg reflections of the
face-centered cubic (fcc) structure of Pd (JPDS
87-0643) [34]. These results suggested the successful
fabrication of Pd/SDS-LDH nanocomposites.

SEM and TEM analyses

The morphology of the SDS-LDHs was investigated,
and the results are shown in Fig. 4a, b. These samples
consisted of platelet-like sheets. The random stacking
of the platelet-like particles resulted in interparticle
mesoporosity, which was consistent with the
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“mesoporous structure” indicated by the N, adsorp-
tion-desorption curves (Fig. 6). The EDS analysis
showed that the SDS-LDHs comprised Mg, Al, and S,
and the Mg/Al atomic ratio of the sample was
17.2:5.4, approximately equal to the theoretical Mg/
Al ratio (3:1). This finding demonstrated the forma-
tion of SDS-embedded, layered LDHs.

(111)

(200) (220) f
= A . A (11) A e
o~
5:’ w A d
©
E; _AuAuA~Avﬁk o~ A c
Z’ (003)
8
Z | (00s) (009

(110) b
003 ((3(\)‘61 (009) (112)‘(}13)

R N T
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
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Figure 3 XRD patterns of a LDHs, b SDS-LDHs, ¢ Pdg gos/
SDS-LDHs, d Pdg,/SDS-LDHs, e Pdjs/SDS-LDHs, and
f Pd()'l()/SDS*LDHS.

1.5
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The dispersions of smaller Pd NPs (3.42 nm) in the
Pd00s/SDS-LDHs were not very uniform, because
the palladium loading was too low (Fig. 5a, S1).
Figure 5b clearly demonstrates that in Pdg,/SDS-
LDH nanocomposite, small and spherical Pd NPs
were evenly distributed on the surface without any
aggregation, even without the use of any protective
reagents or surfactants. Based on the particle size
distribution histograms (Fig. 5b), the average particle
size of the Pd,/SDS-LDHs was 3.56 nm, and these
samples exhibited a very narrow size distribution.
The high-resolution transmission electron micro-
scopy (HRTEM) patterns further indicated the Pd
crystal plane was 0.224 nm, which was attributed to
the lattice spacing of the (111) plane of metallic Pd
[35]. As shown in Fig. 5¢, d, at a high loading (Pdg 50/
SDS-LDHs and Pdg10/SDS-LDHs), the Pd NPs ten-
ded to aggregate, which may be a detrimental factor
that would decrease catalytic activity [36]. From the
size distribution histograms, when the palladium
loads increased to 10 %, the average particle size
increased to 5.80 nm. The EDS analysis of Pdg o,/
SDS-LDHs (Fig. 5e) also confirmed the existence of
Pd NPs.

To further study the effects of ultrasound, conven-
tional magnetic stirring method was used instead of

1.2 Mg K

[C CIK
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s

L
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L I

4
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Figure 4 SEM image (a), TEM image (b) and EDS profile (¢) of SDS-LDHs.
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Figure 5 TEM images and corresponding size distributions of the
Pdy 00s/SDS-LDHs (a), Pdy ,/SDS-LDHs (b) (HRTEM images
(inset)), Pdo os/SDS-LDHs (c), and Pd, 1o/SDS-LDHs (d), EDS

ultrasonic method to fabricate the Pd ¢,/SDS-LDHs.
Figure 5f shows that agglomerated Pd NPs, rather than
dispersed Pd NPs, were observed on the surface of the
SDS-LDHs. This further demonstrated that the ultra-
sonic treatment was essential for the formation of the
uniform, well-dispersed Pd/SDS-LDH nanocompos-
ites. Considering the above results, subsequent analy-
ses were conducted based on the Pd o,/SDS-LDHs, as
an example. For further comparison, a commercial Pd/
C catalyst was also investigated, and TEM images and
size distribution histograms are shown in Fig. S2.

profile of the Pdg ¢,/SDS—-LDHs (e), Pdg ¢o/SDS-LDHs prepared
in the absence of ultrasound (f).

The exact amounts of Pd in the SDS-LDHs were
detected via ICP analysis. The contents of Pd in the
Pdg.005/SDS-LDHs, Pdg2/SDS-LDHs, Pdgs/SDS—
LDHs, and Pdg,,/SDS-LDHs were determined to
be 0.32, 1.17, 4.01, and 9.54 wt%, respectively. All
the results revealed that the Pd/SDS-LDH
nanocomposites had been successfully synthesized
by the ultrasonic method and that the small Pd NPs
were uniformly distributed on the SDS-LDHs
without any agglomeration at an appropriate Pd
load.
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Figure 6 N, adsorption—desorption isotherms of SDS-LDHs and
Pd()A()z/SD S—-LDHs.

N, adsorption—-desorption

Nitrogen adsorption—desorption experiments were
performed on SDS-LDHs and Pdgo/SDS-LDHs
(Fig. 6; Table 1). The characteristic isotherm corre-
sponded to a type IV isotherm with a type H3 hys-
teresis loop, according to the IUPAC classification
[28], exhibiting characteristics of interparticle meso-
porosity created by the platelet-like particles. Such
pores have been described as a “house of cards”
structure [31, 37], which was consistent with the TEM
observations (Fig. 4).

Compared with the support SDS-LDHs, the cata-
lyst Pdg2/SDS-LDHs had a slightly lower surface
area, as they were 101.991 and 91.197 m’g ',
respectively. In addition, the pore size of the Pdg g,/
SDS-LDHs increased from 15.007 to 20.600 nm, as
calculated from Barrett-Joyner-Halenda desorption
isotherms (Table 1). These changes may have been
due to ultrasonic effects, which could exfoliate the
SDS-LDHs, resulting in a lower surface area and
larger pore size during the synthesis of the catalyst.
After supporting the Pd NPs, the pore volume of the
Pdy02/SDS-LDHs slightly decreased from 0.487 to
0.464 cm’g ™" because the Pd NPs became mostly
dispersed in the “mesoporous structure.”

J Mater Sci (2016) 51:9108-9122

XPS analysis

Figure 7 shows a Pd 3d high-resolution XPS spec-
trum of the Pdg¢,/SDS-LDHs. The Pd 3d;,, peak at
341.55 eV and the Pd 3ds,, peak at 336.25 eV were
assigned to Pd (0), while the other doublet peaks at
343.35 and 337.95 eV were related attributed to Pd (II)
[27, 28]. The Pd (II) present in the catalyst may come
from an incomplete reduction of Pd (II) ions during
the ultrasonic reaction and the formation of PdO by
the oxidation of naked metal Pd atoms under ambi-
ent conditions. The doublet peaks in the Pdgq,/SDS-
LDHs were slightly higher than the normal value of
Pd 3d5/2 and Pd 3d3/2 [38]. This shift indicated that
the chemical environment of the Pd had changed.
This change could have been due to a portion of the
electrons on the Pd surface being transferred to the
positively charged LDH sheets, or Pd could have
coordinated with other atoms and lost electrons,
decreasing the electron density. These changes sug-
gested that the Pdg ¢,/SDS-LDH nanocomposites are
not mixtures of two unrelated compounds but rather
are combined by strong metal-support interactions or
chemical bonds, which are much more beneficial for
catalyst dispersion, stability, and performance.

Intensity (a.u.)

| " 1 n 1 " 1 n 1 n 1 1 1 L 1

348 346 344 342 340 338 336 334 332 330
Binding energy/eV

Figure 7 Pd 3d spectrum of the Pd, ¢,/SDS-LDHs.

Table 1 Textural properties of

BET surface area (m> gfl)

Pore volume (cm’ gfl) Pore size (nm)

the SDS-LDHs and Pd o/ Sample
SDS-LDHs DS LDI .
Pd()»()z/SDS—LDHS 91.197

0.487
0.464

15.007
20.600
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Figure 8 FTIR spectra of SDS-LDHs and Pd, o,/SDS-LDHs in the range of a 3800-2600 cm™ ! and b 2000400 cm™.
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Figure 9 Schematic representation of the Pd/SDS-LDH nanocomposites.
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Figure 10 Yields of biphenyl at different intervals with various
catalysts.

FTIR spectroscopy

An FTIR analysis was performed to study the chan-
ges in surface functional groups and to identify the
functional groups potentially responsible for the
reduction of the metal precursors and the stabiliza-
tion of the supported Pd NPs in the ultrasonic syn-
thesis process. In the range of 3800-2600 cm '
(Fig. 8a), the broader band for the SDS-LDHs at
3474 cm ™' was ascribed to the stretching vibrations
of OH in absorbed water. These vibrations shifted to

3.0

Pd, ,/SDS-LDHs

Pd _ /SDS-LDHs

0.005

Pd, ,/SDS-LDHs-T
Pd,,/SDS-LDHs
Pd, ,,/SDS-LDHs
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N
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Figure 11 Kinetics curves of the Suzuki-Miyaura reaction with
various catalysts.
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3491 cm ™' in the Pdg,/SDS-LDHs, indicating that
the surface properties of the SDS-LDHs had changed
[39]. In the range of 400-2000 cm ™! (Fig. 8b), the
SDS-LDHs showed the bending vibrations of OH
groups forming hydrogen bonds (H-OH) at
1648 cmfl; this peak shifted to 1640 cm™! in the
Pdy/SDS-LDHs. The shifts of both the OH
stretching (Fig. 8a) and H-O-H bending vibrations
(Fig. 8b) influence the properties of the resulting
materials [40].

Figure 8a displays two prominent vibrations at
2918 and 2849 cm™', corresponding to the antisym-
metric and symmetric -CH,- stretching modes,
respectively. The symmetric and antisymmetric C-H
stretching modes of the terminal -CHj; groups,
existing in sodium dodecyl sulfate (SDS), at 2873 and
2955 cm ™' hardly disappeared in the Pdyg,/SDS-
LDHs, and this may have resulted from the ultrasonic
irradiation-induced transformation of the terminal —
CHj; groups into secondary radicals. By the same
token, the bending and stretching vibrations of
alkane C-H groups at 1469, 1414, and 1379 cm ™! in
the Pdg ,/SDS-LDHs became weaker than those of
the SDS-LDHs.

The bands at 800 and 722 cm™' were ascribed to
the C-5-O and O-5-O bending vibrations of SDS
(Fig. 8b). The C=0 vibration located at 1743 cm ™, in
the Pd,/SDS-LDHs spectrum, might be due to
ultrasonic effects on the molecules in solution, such
as sodium dodecyl sulfate (SDS) (Fig. 8b).

In particular, there was one broad band at
1175 cm™! in the SDS-LDHs, which corresponded to
the characteristic stretching vibration of 5=0/5-O
bonds of -OSO; groups; this band further demon-
strated the formation of SDS-intercalated LDHs.
However, in the case of Pd y,/SDS-LDHs, this band
was split into two peaks, one at 1171 and at
1203 cm ™}, indicating a decrease in the symmetry of
the sulfate group [18, 41]. The decrease in symmetry
revealed that three oxygens had different interactions
with the environment, which further confirmed a
reliable fixation of the Pd species. The bands at 800
and 722 cm™! were ascribed to the bending vibra-
tions of C-O-S and O-5-O bonds in the SDS.

In general, the bands in the range of 700-400 cm™
were mainly ascribed to M-O lattice vibrations
M = Mg**, AP’Y), which were present in all the
SDS-LDH and Pdg o,/SDS-LDH samples [41].

1
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Mechanism of Pd/SDS-LDH synthesis

The ultrasound-induced reduction of Pd (II) to Pd (0)
originated from acoustic cavitation, i.e., the forma-
tion, growth, and implosive collapse of bubbles in a
liquid [42]. The collapsing cavities produced high-
temperature and high-pressure conditions, leading to
the decomposition of water molecules into hydrogen
‘H and hydroxyl ‘OH radicals, which could then react
with HOCH,CH,OH to produce secondary radicals
HOCH,C-HOH [36, 43]. The ultrasonic reduction of
Pd (II) ions could occur according to the following
steps (Egs. (1-6)):

H, OUltrﬂ)undH + OH (1)
= Mg - - OH | Ultrasound .
SDS-—LDHS{AI__OH] 229 OH (2)
HOCH,CH,0OH — HOCH,CHOH + H (3)
HOCH,CH,0H + OH(H) — HOCH,CHOH
+ H,O(Hy) (4)
n Pd(IT) + 2nHOCH,CHOH
— n Pd(0) + 2n HOCH,CHO + 2n H* (5)
n Pd(Il) + OH(H) — 1 Pd(0) + H,O(H,) (6)

The overall procedure for synthesizing Pd/SDS-LDH
nanocomposites is shown in Fig. 9. In summary, the
proposed mechanism of the enhanced -catalytic
activity of Pd/SDS-LDH nanocomposites consists of
the following factors: (1) the external hydroxyl
groups of the SDS-LDHs promoted the production of
more -OH radicals in the presence of ultrasound,
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which supported reduction and dispersion of Pd (II);
(2) the rich hydroxyl groups on the external surface of
the SDS-LDHs could act to effectively disperse and
fix the Pd species, strongly interacting between Pd
species and support, both of which would affect the
mobility of the species and the rate of nuclei growth,
consequently influencing the catalytic activity; (3) the
SDS-intercalated LDHs were selected as a support to
enlarge the surface area and to improve the
lipophilicity of the catalyst, which favors the attack of
organic substrate molecules toward the catalyst; and
(4) the interparticle mesoporosity created by the
platelet-like sheets in the SDS-LDHs was conducive
for the transmission of organic molecules, which is
crucial for catalytic activity [44, 45].

Suzuki-Miyaura coupling reaction

Catalytic activity evaluation and kinetics study of the Pd/
SDS-LDHs catalysts

The Suzuki-Miyaura reaction of 4-bromotoluene
with phenylboronic acid was chosen to compare the
catalytic performance of the synthesized Pd/SDS-
LDHs (0.5, 2, 5, and 10 wt%), and the Pdgq,,SDS-
LDHs prepared in the absence of ultrasound.

Figure 10 shows the yields at different intervals
with various catalysts. No conversion of 4-bromo-
toluene was observed in the presence of only the
support SDS-LDHs. Among all the catalysts with
different Pd loads, the Pdg,/SDS-LDHs exhibited
the best and fastest catalytic activity; the conversion
of 4-bromotoluene reached to 95.69 % at 30 min and,

Table 2 The relevant values of the different catalysts in the Suzuki—-Miyaura reaction

Pd/SDS-LDHs (2.5 1 mol )

Br B(OH),
IOARN
H,C

EtOH/H,0(1:1), rt
K,CO3 (5mmol)

2.5mmol 3.0mmol 2.5 mmol
Catalyst k (mol dm™ min™ ") Dispersion (%) TOF (s™1)°
Pdg.00s/SDS-LDHs 0.924 41.8 39.01
Pdg.0/SDS-LDHs 1.871 40.5 41.03
Pdy 9s/SDS-LDHs 0.364 38.8 5.51
Pd, ,/SDS-LDHs 0.194 10.4 1.14
Pdg.0o/SDS-LDHs-T 0.461 19.2 16.33
Pdg.05/C 0.154 27.8 1.80

 Reaction rate constants corresponding to the pseudo-second-order kinetic model

® Turnover frequency: (mol of reacted substrate)/(mol of Pd’ time)
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Table 3 Suzuki-Miyaura reactions of various aryl halides with phenylboronic acid

B(OH
N X+ ©/ (OH),
Ry
=

PA/SDS-LDHs (2.5 umol) //:\>_®
EtOH/H,O(1:1), rt R =

K,CO3 (5mmol)

2.5 mmol 3.0 mmol 2.5 mmol
Entry R, X Product mass/ mg Yield/ %
1 e 367.5 95.32
2 on—<_pe o <) 456.4 91.64
3 mcoc@sr HscoC 474.8 96.78
4 e~ e e~ Y=< 406.2 95.69
5 H3COOBr neo— ") 4178 90.72
6 NCOBf N° 415.2 92.68
CHg CHs
7 @Br 346.9 82.47
OCH, OCH;
8 @Br 5 384.1 83.74
O,N O2N
431.3 86.61

Nel
@

up to 98.16 % at 60 min with 0.1 mmol % catalyst at
room temperature. These results were much higher
than those of the Pdy0,/SDS-LDHs prepared in the
absence of ultrasound. High Pd loads may not only
lead to increased production cost, but also to lower
catalytic activity resulting from increased particle
size and aggregation, as supported by the TEM
analysis. As shown in Fig. 5¢, d, the Pdgg5/SDS-
LDHs and Pdg;9/SDS-LDHs both exhibited aggre-
gation to some extent. Thus, dispersion and size
uniformity were the key factors in determining the

@ Springer

activity of the catalysts. Further examination of the
catalytic results revealed that under the current
experimental conditions, the Pdg ¢5/SDS-LDHs had a
much higher catalytic activity than did the commer-
cial Pd/C catalyst that contained the same amount
Pd. This result was ascribed to the relatively strong
interaction between the Pd species and the SDS-
LDHs in the Pd/SDS-LDH nanocomposites com-
pared with the simple adsorption that occurs on the
carbon surface of the Pd/C catalyst (as explained in
3.8).
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Figure 12 Suzuki coupling reaction in the presence of the hot-
filtered mother liquor.

In order to elucidate the reaction kinetic process, a
pseudo-second-order kinetic model was employed to
fit the experimental data, as shown in Fig. 11, which
can be expressed as follows:

1 In Cg0(Capo —Cay)
(Cao —Cgo) Cao(Cso — Cgy)
where Cp o and Cgp (mol dm™) are the initial con-
centrations of phenylboronic acid and 4-bromo-
toluene, and Cp; and Cg; (mol dm™3) are the
concentrations of reactive phenylboronic acid and
4-bromotoluene, respectively, at the reaction time t.
The reaction rate constants (k, mol dm® min~?) of the
various catalysts are shown in Fig. 11; these values
further demonstrate that the Pdgq,/SDS-LDH
nanocomposite was the most efficient catalyst
because it exhibited the largest reaction rate constants
(Table 2). Additionally, we calculated the intrinsic
TOF, ie., moles of 4-bromotoluene converted per
mole of surface Pd per second, to further elucidate
the distinct advantage of the Pdy0,/SDDS-LDHs. All
the relevant values are shown in Table 2.

To optimize the reaction conditions, the effect of
the solvents and base was examined, and the results
are summarized in Tables S2 and S3. According to the
optimization results and the principle of green
chemistry, EtOH/H,O (v/v = 1:1) and 2.0 equiv of
K,CO; were chosen as the optimal conditions.

Under the optimized reaction conditions, to
increase the applicability of the catalyst, the Suzuki-
Miyaura reactions of different aryl halides with
phenylboronic acid were studied. The results are
shown in Table 3. Various p substituted aryl

=kt
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bromides, bearing either electron-donating or elec-
tron-withdrawing groups, such as -H, -NO,, —-CN,
—COCHs3;, -OCHj3;, and —CHj3, underwent the cross-
coupling smoothly and produced good yields of the
corresponding products in mild conditions (Table 3,
entries 1-6). Due to the steric hindrance effect, the
o-substituted aryl bromides exhibited moderate
yields (Table 3, entries 7-9).

To explore catalyst heterogeneity, the possible
presence of dissolved palladium was investigated.
After approximately 35 % of the coupling reaction
had completed, the hot-filtered mother liquor was
reacted with fresh substrates. No product was
detected even after 1 h (Fig. 12). Moreover, an ICP
analysis of the hot-filtered mother liquor and the
catalyst after the reaction indicated that less than
0.1 % of the Pd species had leached out during the
reaction (Table 54).

The reusability of a catalyst is essential from an
economic standpoint and for industrial applications.
These catalysts could be recycled simply by cen-
trifugation. In addition, the yield was almost unal-
tered over five cycles, but it decreased to 86.3 %
(Fig. 13) in the sixth cycle.

To determine the reason of the decreased catalytic
performance, the composition and structure of the
fresh and recycled catalysts were examined. The XRD
results showed that the primary layered structure
was maintained in the catalyses recycled 1 and 6
times, while some metal palladium species were
observed in the catalyst recycled 6 times (Fig. S3). As
shown in Table 52, less than 0.1 % of leaching Pd was

100

90-
80-
70_
60-
50-

Yield (%)

40
30
20

10

0

Recycling run

Figure 13 The reusability of the Pdj¢,/SDS-LDH catalyst for
the Suzuki—Miyaura coupling reaction.

@ Springer
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Figure 14 TEM images of catalyst recycled 1 time (a) and 6 times (b).

observed in the catalyst recycled once, and a Pd
content of 0.94 wt% was found for the catalyst recy-
cled 6 times, indicating that the Pd leached from the
Pdg.02/SDS-LDHs during the reactions. As shown in
Fig. 14, after 1 cycle, the Pdg ¢2/SDS-LDHs remained
small and uniform particles, which was in contrast
with the aggregated particles that were observed
after 6 cycles. It can be concluded that the reduced
catalytic activity was due to the Pd leaching and
agglomerating.

Conclusion

In conclusion, an effective and reusable Pd/SDS-
LDH nanocomposite was designed and successfully
prepared by ultrasonically treating a Na,PdCl, pre-
cursor solution in ethylene glycol. This ultrasonic
approach provided fast reaction time and enabled
catalyst synthesis under mild conditions without the
use of any additives or surfactants. The Pd NPs were
uniformly dispersed on the SDS-LDH surface, and
the Pd/SDS-LDH nanocomposites exhibited excel-
lent performance in Suzuki-Miyaura coupling reac-
tions at room temperature without any phase transfer
agents, toxic solvents, or inert atmosphere; thus,
green catalysis was achieved. The high catalytic
activity observed can be attributed to the intimate
interaction between the Pd NPs and the support. The
rich hydroxyl groups in the surface of the LDHs
favored the formation of well-dispersed Pd NPs. This
ultrasonic method provides a simple and environ-
mentally friendly method for synthesizing Pd-

@ Springer

supported catalysts and is a promising means of
developing other advanced materials.
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