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ABSTRACT: This work reports the design and development of a
new class of highly active Pd nanocatalysts supported on
substoichiometric oxides. These novel catalysts are generated by
green laser synthesis methods to generate high-surface-area
substoichiometric oxide nanoparticles followed by photoreduction
in aqueous solutions to deposit highly active Pd nanocatalysts
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within the surface defects of the oxides. The laser methods S

eliminate the use of toxic chemicals, including hazardous solvents . B(OH) §
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electrons from the semiconductor support. The Pd catalysts TR TR T
incorporated within these oxides exhibit high activity for carbon— Time (min)

carbon bond-forming reactions. The Pd/TiO, catalyst with 0.3 mol

% Pd achieves 100% conversion in the reaction between bromobenzene and benzeneboronic acid to the biphenyl product within 240
minutes at room temperature without any external heating. With a catalyst loading of 0.3 mol % Pd in the microwave-assisted
reaction between bromobenzene and benzeneboronic acid at 60 °C, 92 and 83% conversions to the biphenyl product are achieved
within S min of reaction time using the Pd/TiO, and Pd/ZnO catalysts, respectively. The results demonstrate a remarkable catalytic
activity of the substoichiometric oxide-supported Pd catalysts with turnover frequencies (TOF, h™") of 24 000, 10 000, and 3200
achieved under mirowave-assisted reactions at 60 °C for the 0.03 mol% Pd of the Pd/TiO,, Pd/ZnO, and Pd/ZrO, catalysts,
respectively. The high activity and good reusability of these nanocatalysts are attributed to the optimum catalyst—support interaction
between the small Pd nanoparticles and the surface defects of the substoichiometric oxide support prepared by the laser
vaporization-controlled condensation method.

KEYWORDS: laser vaporization-controlled condensation, laser photoreduction, substoichiometric oxide nanoparticles,
supported Pd nanocatalysts, Suzuki coupling reactions

1. INTRODUCTION

Palladium-catalyzed carbon—carbon cross-coupling reactions

supported catalysts that could reduce/eliminate leaching and
sintering, enhance performance, and could also be recycled

are of strategic importance in the synthesis and assembly of
functionalized complex organic molecules.'™® Organic mole-
cules with greater chemical complexity are particularly needed
for the development of pharmaceuticals and drug discovery.”~”
These molecules used in active pharmaceutical ingredients
(APIs) are typically synthesized using Pd-catalyzed homoge-
neous reactions and utilizing ligands to enhance the activity
and selectivity.'” However, these processes lead to residual
metal that contaminates the reaction product.”'® This is a
major issue particularly in pharmaceutical applications where
this chemistry is extensively used, since palladium compounds
can be highly toxic. Coupled with the difficulty to recycle the
metal as well as the ligand results in a significant cost
component in API applications.'” The development of
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would be a significant step in lowering the cost of the synthesis
of chemicals and drugs. Understanding the role of the support
in the Pd-catalyzed reactions is an important step toward
optimizing the activity of the supported catalysts and the
development of more effective and less expensive catalysts for
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chemical and pharmaceutical industries.
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Figure 1. (a) Schematic illustration of the synthesis of TiO, nanoparticles by the LVCC method from using a Ti rod. (b) Schematic illustration of
the LIS method for the deposition of Pd nanoparticles on the TiO, support.

A variety of oxide-based supports such as TiO,,""> ™

Zr0,*" Zn0O,”* and S$i0,'®*>° have been utilized for
mobilizing Pd nanoparticles for cross-coupling reactions. In
oxide-supported Pd catalysts, both electron and O atom
transfers at the active metal and oxide support interface can
improve the catalytic activity; however, if the metal—support
interaction (MSI) is poor, the Pd metal can leach significantly
into the solution."”**” A strong MSI could also help in the
homogeneous dispersion of the catalyst and prevents the
aggregation of active metal nanoparticles on the oxide support.
Structural defects such as oxygen vacancies in the non-
stoichiometric oxide support could enhance MSI by providing
preferred nucleation sites for the Pd nanoparticle catalysts. In
addition, laser photochemical reduction of the Pd precursor
ions adsorbed on the surface of the oxide support could
generate further defects and incorporate the Pd nanoparticles
within these defects. For metal oxide supports with band gaps
accessible by laser irradiation in solution, the photogenerated
electrons can aid the reduction of the Pd ions and reduce or
eliminate the need for hazardous reducing agents and high
temperatures, thereby allowing a good control of the reduction
process.

In this work, we introduce a new strategy for the synthesis of
nonstoichiometric metal oxide supports and the deposition of
highly active Pd nanocatalysts on these supports using a
combination of the laser vaporization-controlled condensation
(LVCC) and the laser irradiation in solution (LIS) techniques.
These laser methods eliminate the use of toxic chemicals,
including hazardous chemical reducing agents and solvents,
and allow efficient reduction of the Pd ions in aqueous
solutions assisted by the photogenerated electrons from the
semiconductor support. The combined LVCC—LIS techniques
presented here provide a green synthesis route of the oxide-
supported Pd nanoparticle catalysts, which exhibit high activity
and good recyclability for carbon—carbon bond-forming
reactions.

2. EXPERIMENTAL SECTION

2.1. Materials. Ti, Zr, Zn, and Si rods were obtained from Sigma-
Aldrich. Potassium hexachloropalladate(IV) (K,PdClg; Pd 26.3%
min) and hydrazine hydrate (N,H,, reagent grade) were obtained
from Alfa Aesar, and ethyl alcohol (200 proof absolute, anhydrous,
ACS/USP grade) was purchased from Pharmco-Aaper.

2.2. Synthesis of Pd/Oxide Catalysts by LIS. A K,PdCl stock
solution was prepared by adding 0.235 mg of K,PdCl, to a mixture of
10 mL of ethanol and 10 mL of water and sonicated/stirred for 24 h

until full dispersion of the palladium salt. Afterward, the solution was
diluted to 25 mL. The TiO,, ZrO,, ZnO, or SiO, nanoparticles were
immersed in 1:1 ethanol/water and sonicated/stirred until complete
dispersion. The required amount of the K,PdCls (1.2 mL) stock
solution was then added to the dispersed TiO,, ZrO,, ZnO, or SiO,
solution (60 mg support in 4.8 mL of 1:1 ethanol/water mixture).
The solution was stirred for 24 h to ensure homogeneous dispersion.
The solution (6 mL) was then irradiated with a Nd:YAG laser (532
nm, 4 W, 30 Hz) for 12 min under stirring. The precipitate was
washed by centrifugation with ethanol and dried overnight at 80 °C.
These catalysts are denoted as LIS-Pd/TiO,, LIS-Pd/ZrO,, LIS-Pd/
ZnO, or LIS-Pd/SiO,, respectively.

2.3. Synthesis of Pd/Oxide Catalysts by MW-Assisted
Chemical Reduction. Pd nanoparticles were deposited on the
TiO,, ZrO,, ZnO, or SiO, support by the microwave-assisted
chemical reduction method using hydrazine hydrate as a reducing
agent. The required amount of the K,PdCl, stock solution (1.2 mL)
was added to the dispersed TiO,, ZrO,, ZnO, or SiO, solution (60
mg of support in 4.8 mL of 1:1 ethanol/water mixture). The solution
was stirred for 24 h to ensure homogeneous dispersion. A small
quantity of the hydrazine hydrate reducing agent (0.3 mL) was then
added, and the solution was immediately transferred to a microwave
oven and irradiated for 30 s with 1000 W microwave irradiation
(MWI). The precipitate was then washed with ethanol and dried
overnight at 80 °C. These catalysts are denoted as MW-Pd/TiO,,
MW-Pd/ZrO,, MW-Pd/ZnO, or MW-Pd/SiO,, respectively.

2.4. Procedure for Suzuki Cross-Coupling Reactions at
Room Temperature. The as-prepared catalysts were characterized
and applied in the Suzuki cross-coupling reaction of bromobenzene
and phenylboronic acid. Bromobenzene (50 mg, 0.32 mmol, 1 equiv)
and phenylboronic acid (47 mg, 0.38 mmol, 1.2 equiv) were mixed
into an ethanol (2 mL)/water (2 mL) solution. The required amount
of catalyst (0.3 mol % Pd) was dispersed, followed by the addition of
133 mg of K,CO; (0.96 mmol, 3 equiv). The reaction proceeded at
room temperature over the course of 8 h with intermittent sampling.
The sample was extracted using centrifugation and ethyl acetate. Gas
chromatography-mass spectrometry (GC-MS) was utilized to identify
the reactant and product peaks, and GC—flame ionization detection
(FID) was used to determine the ratio of bromobenzene (limiting
reactant) and biphenyl (product) to determine the % conversion. The
% conversion to the biphenyl product was calculated using the GC-
FID data as follows: [(product peak area)/(reactant peak area +
product peak area)] X 100.

2.5. Procedure for Suzuki Coupling Reactions under
Microwave Irradiation (MWI). The Suzuki cross-coupling was
also performed under MWI using different Pd catalyst concentrations.
Bromobenzene (50 mg, 0.32 mmol, 1 equiv) and phenylboronic acid
(47 mg, 0.38 mmol, 1.2 equiv) were added to an ethanol (2 mL)/
water (2 mL) mixture in a microwave test tube (15 mL). The
required amount of catalyst (0.3, 0.03, or 0.007 mol % Pd) was

https://dx.doi.org/10.1021/acsami.0c03331
ACS Appl. Mater. Interfaces 2020, 12, 23844—23852


https://pubs.acs.org/doi/10.1021/acsami.0c03331?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03331?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03331?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03331?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c03331?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

dispersed, followed by the addition of 133 mg of K,CO; (0.96 mmol,
3 equiv) in the test tube (15 mL). The test tube was then placed in a
microwave reaction chamber, stirred, and heated to 60 °C for 5 min.
The reactants and products were collected by ethyl acetate and
separated by centrifugation. The reaction progress was monitored by
GC-FID.

2.6. Procedure for Recycling the Pd/TiO, Catalyst for Suzuki
Coupling Reaction by MWI. The required amount of the Pd/TiO,
catalyst was added in an ethanol (2 mL)/water (2 mL) mixture in a
microwave reaction test tube (1S mL). To this test tube, SO mg of
bromobenzene (0.32 mmol, 1 equiv) and 47 mg of phenylboronic
acid (0.38 mmol, 1.2 equiv) were added. Just before the start of
reaction, 133 mg of K,COj (0.96 mmol, 3 equiv) was added into the
test tube. The test tube was then placed in a microwave reaction
chamber and stirred at 60 °C for 10 min. After completion of the
reaction, a small aliquot of the solution was collected and analyzed by
GC-FID. The solution was centrifuged, and the solid was collected
and washed two times with DI water and two times with ethanol
before it was dried in an oven at 80 °C overnight. Before using the
catalyst for another run of reaction, a small amount was analyzed
using inductively coupled plasma-optical emission spectroscopy (ICP-
OES) to determine the Pd content in the used catalyst.

2.7. Procedure for the Synthesis of Different Biphenyl
Products by Coupling Reactions under MWI. Different
derivatives of the Suzuki coupling reactions were evaluated under
microwave heating. Aryl bromide (0.32 mmol) was added to an
ethanol (2 mL)/water (2 mL) mixture in a microwave test tube (15
mL). To this, 0.38 mmol of arylboronic acid was added along with the
catalyst containing 0.3 mol % Pd. Finally, 0.96 mmol of K,CO; was
added to the test tube before capping the test tube. The test tube was
then placed in a microwave reaction chamber and stirred at 60 °C for
10 min. The reactants and products were extracted by ethyl acetate
and centrifugation. The reaction was monitored by GC-MS, and GC-
FID was used to determine the % conversion.

3. RESULTS AND DISCUSSION

3.1. Catalyst Design and Synthesis. Figure lab
illustrates the general steps used for the synthesis of Pd
nanoparticles incorporated within the metal oxide supports.
The LVCC method to synthesize the metal oxide supports is
schematically described in Figure 1a.'***7*' As described
previously, the process involves laser vaporization of a metal or
a semiconductor target placed on the heated lower plate (50
°C) of the LVCC chamber and separated from the cold upper
plate (—60 °C) by a glass ring.”*~"" The chamber is filled with
an 800—1100 Torr carrier gas mixture containing 50% O, in
He (99.999% pure). The second harmonic of a Nd:YAG laser
(A = 532 nm, pulse width 7 = 7 ns, repetition rate = 30 Hz,
70—100 m]J/pulse, Spectra Physics LAB-170-30) is used for
laser vaporization, which results in the release of metal atoms
(about 10 atoms per laser pulse) into the gas phase.”* ™'
Following the nanosecond laser pulse, the released metal atoms
undergo nucleation and reactions with O,, resulting in the
formation of the oxide nanoparticles that are carried out by the
gas convection and deposited on the cold top plate of the
LVCC chamber.”*™'

The key factor for the formation of small Pd nanocatalysts
supported on the oxide nanoparticles is the rapid laser
reduction of the Pd ions adsorbed on the oxide support by
pulsed laser irradiation in an aqueous solution (LIS).'*?>*’
The LIS process provides a green, nontoxic, room-temper-
ature, photoassisted reduction method without the need for
chemical reducing agents or capping agents. Laser irradiation
(532 nm, 4 W, 30 Hz) of the K,PdCly salt adsorbed on the
LVCC oxide nanoparticles dispersed in an ethanol—water
mixture generates *C,H,OH radicals, which act as a reducing

agent of the Pd ions, leading to the deposition of Pd
nanoparticles on the surface of the oxide support.'***

For a comparison with the LIS method, microwave (MW)-
assisted chemical reduction using hydrazine hydrate as a
reducing agent is also used for the deposition of Pd
nanoparticle catalysts on the LVCC oxide supports. The
characterization and properties of the Pd catalysts prepared by
the LIS/LVCC and MW/LVCC methods are described and
compared below.

3.2. Catalyst Characterization and Properties. Figure
2a—d displays the X-ray diffraction (XRD) patterns of the
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Figure 2. XRD patterns for (a) TiO, (black), LIS-Pd/TiO, (red), and
MW-Pd/TiO, (blue); (b) ZrO, (black), LIS-Pd/ZrO, (red), and
MW-Pd/ZrO, (blue); (¢) ZnO (black), LIS-Pd/ZnO (red), and
MW-Pd/ZnO (blue); and (d) SiO, (black), LIS-Pd/SiO, (red), and
MW- Pd/SiO, (blue).

LVCC oxide supports TiO,, ZrO,, ZnO, and SiO,, respectively
(black patterns), along with the oxide-supported Pd catalysts
prepared by the LIS/LVCC (red patterns) and the MW/
LVCC (blue patterns) methods. As shown in Figure 2a, the
LVCC-TiO, nanoparticles exhibit mostly the anatase phase
(JCPDS ref # 21-1272) with a small amount of the rutile phase
(JCPDS ref # 21-1276). Based on the relative intensities of the
diffraction peaks characteristic of the anatase phase at 26 = 26,
38, 48, 54, and 55°, it can be concluded that the LVCC-TiO,
support contains ~90 and ~10% anatase and rutile phases,
respectively.”** Tt is suspected that in such a mixed phase
oxide, interstitials and oxygen vacancies are present, especially
at the interface between the two phases.””*® Figure 2a also
shows that the LIS-Pd/TiO, catalyst does not display the
characteristic (111) Pd diffraction at 260 = ~40°, which
indicates small well-dispersed Pd nanoparticles within the TiO,
support.”® However, this Pd peak is clearly visible in the XRD
pattern of the MW-Pd/TiO, catalyst, indicating that larger Pd
nanoparticles are deposited by the MW-assisted chemical
reduction method. Interestingly, the Pd diffraction peak is also
observed in the LIS-deposited catalysts on the ZnO, ZrO,, and
SiO, supports. This may suggest that photoexcitation of the
anatase—rutile mixed phase could be involved in the
photoreduction of the Pd ions, resulting in the nucleation of
very small Pd nanoparticles confined within the oxygen

https://dx.doi.org/10.1021/acsami.0c03331
ACS Appl. Mater. Interfaces 2020, 12, 23844—23852


https://pubs.acs.org/doi/10.1021/acsami.0c03331?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03331?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03331?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c03331?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c03331?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

vacancies of the TiO, support. It is also noted that in the case
of the ZnO support, the Pd peak is significantly smaller than in
the ZrO,- and SiO,-supported catalysts, which could suggest a
stronger catalyst—support interaction in the Pd/ZnO catalyst
than in the Pd/ZrO, and Pd/SiO, catalysts. In fact, the
strongest Pd diffraction peaks are observed for the catalysts
deposited on the SiO, support (Figure 2d) by both the LIS
and the MW methods. This indicates that the Pd/SiO,
catalysts are expected to have larger and aggregated Pd
nanoparticles and consequently less catalytic activity. Another
important result from the data shown in Figure 2 is that the
structural integrity of the four oxide supports remains intact
after the deposition of the Pd nanoparticles by either the LIS
or the MW reduction method. This is expected based on the
low temperatures (nearly room temperature) used in both the
reduction methods.

X-ray photoelectron spectroscopy (XPS) is used to examine
the surface chemical composition and valence electronic states
of the oxide supports. The XPS survey scans corresponding to
the four LVCC supports are shown in Figure S1 (Supporting
Information). The O/Ti, O/Zr, O/Zn, and O/Si atomic ratios
are calculated from the XPS data as 1.92, 1.93, 0.8, and 5.1,
respectively. The high O/Si ratio in SiO, is due to the presence
of the unsaturated surface valences on the silica surface that
can be saturated by the chemisorption of water, leading to the
formation of covalently bonded surface hydroxyl groups
(silanol).>” However, the unusually low stoichiometric ratios
of O/Ti, O/Zr, and O/Zn indicate that these oxide supports
synthesized by the LVCC are substoichiometric, consistent
with previous LVCC results.”**”*" The substoichiometric
TiO,_,, ZrO,_,, and ZnO,_, oxides could provide available
sites for the nucleation of small Pd nanoparticles following the
photoreduction of the Pd ions by the LIS method."” This is
consistent with the lack of the Pd diffraction peaks in the XRD
pattern of the LIS-Pd/TiO, catalyst (Figure 2a).

The Ti 2p, Zr 3d, Zn 2p, and Si 2p XPS spectra of the LIS-
Pd/TiO,, LIS-Pd/ZrO,, LIS-Pd/ZnO, and LIS-Pd/SiO,
catalysts (Figure S2, Supporting Information) indicate 100%
of the Ti*, Zr*, Zn*, and Si*" states, respectively, thus
confirming that all of the supports consist only of oxides and
no metallic species (Ti% Zr%, Zn®, or Si°) are present. Although
the LVCC method can result in the formation of both metallic
and oxide nanoparticles, the metallic nanoparticles are readily
oxidized during the LIS process.'**

To identify the electronic states of the Pd nanocatalysts
incorporated within the four supports by the LIS method, the
binding energies of the Pd 3d electrons are measured and the
XPS spectra are shown in Figure 3. The results show the
appearance of the Pds/, and Pd;,, fitted peaks at ~335 and
~340 eV, respectively,"”'>** indicating the presence of Pd’
with 75, 100, 65, and 91% in the catalysts deposited on the
TiO,, ZrO,, ZnO, and SiO, supports, respectively. Therefore,
the LIS method is capable of depositing high contents of Pd°
on the oxide support, irrespective of the support type.
Similarly, the MW-deposited Pd catalysts show high
percentages of Pd’ reaching 80, 100, 100, and 71% in the
MW-Pd/TiO,, MW-Pd/ZrO,, MW-Pd/ZnO, and MW-Pd/
SiO, catalysts, respectively (Figure S3, Supporting Informa-
tion). It is well established that the high activity of the Pd
catalysts in cross-coupling reactions correlates with the high
content of Pd°, which is required to initialize the catalytic
cycle.”* However, other factors such as the Pd particle size and
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Figure 3. Pd 3d XPS of the Pd catalysts deposited by the LIS method:
(a) Pd/TiO,, (b) Pd/ZrO,, (c) Pd/ZnO, and (d) Pd/SiO,.

catalyst—support interaction are also critical in determining the
catalytic activity and recyclability of the catalyst.>”

The surface areas of the oxide supports are determined by
N, adsorption—desorption measurements at 77 K, as shown in
Figure S4 (Supporting Information), which displays the
measured isotherms for the four supports. The Brunauer—
Emmett—Teller (BET) specific surface areas of the TiO,,
Zr0,, ZnO, and SiO, LVCC oxide supports are determined to
be 130, 23, 38, and 360 m*/g, respectively. The high surface
area of the LVCC SiO, support is consistent with the high O/
Si atomic ratio (S.1) determined by XPS and is attributed to
the chemisorption of water, leading to the formation of
covalently bonded surface hydroxyl groups.”’

The morphologies of the LVCC oxide supports are analyzed
by transmission electron microscopy (TEM), as shown in
Figure 4. Both TiO, and ZrO, have small particle sizes of 7.5 +

Figure 4. TEM images for LVCC-synthesized oxide supports: (a)
TiO,, (b) ZrO,, (c) ZnO, and (d) SiO,.

2.0 and 5.8 + 2.8 nm, respectively, and exhibit the weblike
structure morphology characteristic of the nanoparticles
formed by the LVCC method.”*”*" The SiO, also shows a
homogeneous distribution of ultrasmall particles, although
accurate particle size distribution could not be determined
using the current TEM resolution. The ZnO particles exhibit
larger sizes and display both sheet- and rodlike morphologies.

Figure Sa,b displays TEM images of the LIS- and MW-
deposited Pd catalysts, respectively, on the LVCC oxide
supports. The Pd particle size distributions are shown in Figure
SSa,b, Supporting Information. For the LIS method, the Pd
particle sizes are 5.2 + 2.7, 7.7 + 3.1, 5.6 + 3.1, and 9.6 + 5.2
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b) MW Method

Figure S. TEM images of the Pd nanoparticles deposited by (a) the LIS method and (b) the MW method on the oxide supports prepared by the

LVCC method.

nm for the LIS-Pd/TiO,, LIS-Pd/ZrO,, LIS-Pd/ZnO, and
LIS-Pd/SiO, catalysts, respectively (Figure Sa). For the MW
method, the Pd particle sizes are 6.7 + 3.6, 10.6 + 3.9, 9.5 +
7.1, and 26.4 + 13.3 nm for the MW-Pd/TiO,, MW-Pd/ZrO,,
MW-Pd/ZnO, and MW-Pd/SiO, catalysts, respectively
(Figure Sb). These results clearly indicate that the reduction
method greatly affects the size of the nanoparticles even if the
same support is used in different reduction methods. The LIS
method appears to result in the deposition of smaller Pd
particles with a relatively narrow size distribution compared to
the MW-assisted chemical reduction method. This could be
due to the extent of heating in the MW method, which can
lead to the agglomeration of the nanoparticles.

The TEM results shown in Figure S indicate that the
smallest Pd particles are generated by the LIS method on the
surface of the TiO, oxide support. It should be noted that the
Pd nanoparticles are easily distinguished from the oxide
particles by the very different lattice fringes, as shown in the
high-resolution TEM (HRTEM) images displayed in Figure 6.
The d-spacings in the (111) plane of the TiO,, ZrO,, and ZnO
crystals are measured as 0.352, 0.324, and 0.283 nm,
respectively, while the d-spacings in the Pd(111) plane are
measured as 0.229, 0.228, 0.228, and 0.238 nm for the Pd/
TiO,, Pd/ZrO,, Pd/ZnO, and Pd/SiO, catalysts, respectively
(Figure 6). Similar values are measured for the d-spacing in the
(111) planes of the catalysts prepared by the MW method, as
shown in Figure S6 (Supporting Information).

3.3. Catalyst Evaluation and Structural Correlations.
The activities of the eight catalysts prepared by the LIS/LVCC
and MW/LVCC methods are evaluated using the reaction
between bromobenzene and benzeneboronic acid in an
ethanol—water (1:1) solvent mixture. The reaction is
conducted using the 0.3 mol % supported Pd catalyst under
S min microwave irradiation (MWI, 300 W) at 60 °C, as
described in Scheme 1. The % conversion of bromobenzene to
the biphenyl product and the properties of the supported
catalysts are summarized in Table 1.

The results shown in Table 1 indicate that the LIS-Pd/TiO,
catalyst exhibits the highest catalytic activity with 92%
conversion to the biphenyl product in 5 min at 60 °C. This
could be attributed to the small size of Pd nanoparticles (52«
2.7 nm) and the relatively large surface area of the LVCC-TiO,
support (130 m*/g) in the LIS-Pd/TiO, catalyst. It is also clear
that the activity of the LIS-Pd catalysts is generally higher than

Figure 6. HRTEM images for (a) Pd/TiO,, TiO,(111) d-spacing =
0.3518 nm and Pd(111) interplanar distance = 0.2293 nm, (b) Pd/
ZrO,, ZrO,(111) d-spacing = 0.3236 nm and Pd(111) interplanar
distance = 0.2281 nm, (c) Pd/ZnO, ZnO(111) d-spacing = 0.2830
nm and Pd(111) interplanar distance = 0.2276 nm, and (d) Pd/SiO,,
Pd(111) interplanar distance = 0.2381 nm.

Scheme 1

Br B(OH), Pd Catalysts (0.3 mol% Pd) O
+
K,CO; (3 eq.), EtOH:H,0 (1:1) O

60 °C (MWI), 5 minutes

that of the MW-Pd catalysts both supported on the LVCC
oxides. The increased activity of the LIS-Pd catalysts can be
explained by the smaller size of the Pd nanoparticles generated
by the LIS method compared to the MW-assisted chemical
reduction method. The rapid laser reduction of the Pd ions
adsorbed on LVCC oxides leads to the deposition of small Pd
nanoparticles within the defects of the oxide support, especially
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Table 1. Properties and Activities of the Oxide-Supported Pd Catalysts for the Suzuki Coupling Reaction

catalyst support surface area (m?/g) Pd content (wt %) Pd particle size (nm) Pd© content (%) % conversion MW reaction (S min at 60 °C)
LIS-Pd/TiO, 130 3.5 52 +27 75 92
LIS-Pd/ZnO 38 4.7 5.6 + 3.1 65 83
LIS-Pd/ZrO, 23 4.5 7.7 £ 3.1 100 29
LIS-Pd/SiO, 360 4.3 9.6 + 5.2 91 21
MW-Pd/TiO, 130 3.5 6.7 + 3.6 80 90
MW-Pd/ZnO 38 4.7 95+ 7.1 71 75
MW-Pd/ZrO, 23 4.5 10.6 + 3.9 100 41
MW-Pd/SiO, 360 4.3 264 + 133 100 12
100 100 {—— Mw PaITiO,
—a— MW Pd/ZrO, (b)
804 __ 80{——Mwpdizno

3 S —e— MW Pd/SiO,

g 60+ S 60+

® >
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Figure 7. Conversion of bromobenzene to biphenyl as a function of reaction time at room temperature for (a) the LIS/LVCC catalysts Pd/TiO,,
Pd/ZrO,, Pd/ZnO, and Pd/SiO, and (b) the MW/LVCC catalysts MW-Pd/TiO,, MW-Pd/ZrO,, MW-Pd/ZnO, and MW-Pd/SiO,.

Table 2. Synthesis of Biphenyl Derivatives by Suzuki Cross-Coupling Reactions Using the LIS-Pd/TiO, Catalyst”

Aryl bromide

Aryl boronic acid

Product

Conversion (%)"

o
NC

0\
‘é °
e

O,N ‘

0 B(OH).
¢ ]©/ 96%
o
OMe
Br B(OH), O
o
MeO MeO O
MeO
[
5 o)
r o B(OH),
o
MeO o) O
MeO
NMe,
Br B(OH), O
o0
NC Me,N O
NC
NMe,
Br B(OH), O
H /©/ O 94%
Me,N H
o
o)
OMe
Br B(OH),
o |
O,5N MeO

“Reaction condition: aryl bromide (0.32 mmol, 1 equiv), arylboronic acid (0.38 mmol, 1.2 equiv), K,CO; (0.96 mmol, 3 equiv), LIS-Pd/TiO,
catalyst (0.3 mol % Pd), 4 mL solvent (1:1 H,0/EtOH), reaction at 60 °C (MWI) for 10 minutes. bConversion of aryl bromide (%) was

determined by GC-MS and GC-FID analyses.

in the TiO, substoichiometric oxide. At a catalyst loading of

0.3 mol % Pd under microwave irradiation at 60 °C for S min,
the LIS catalysts Pd/TiO,, Pd/ZnO, and Pd/ZrO, are capable
of converting 92, 83, and 29% of the bromobenzene to the

biphenyl product, respectively. These results reveal the

excellent catalytic activity of these oxide-supported Pd catalysts
with turnover frequencies (TOF, h™") of 24 000, 10 000, and

3200 achieved under mirowave-assisted reactions at 60 °C for
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the 0.03 mol% Pd/TiO,, Pd/ZnO, and Pd/ZrO, catalysts,
respectively. These catalytic activities are among the highest
observed in Suzuki coupling reactions by Pd-supported oxide
catalysts.””~**

To confirm and validate the efficiency of the LVCC oxide-
supported Pd nanocatalysts, the Suzuki coupling reaction is
also conducted at room temperature. Figure 7a,b displays the
% conversion of bromobenzene to the biphenyl product as a
function of reaction time for the catalysts prepared by the LIS-
LVCC and MW-LVCC methods. Again, the LIS-Pd/TiO,
catalyst displays the highest catalytic activity with 75%
conversion to the biphenyl product in 15 min at room
temperature compared to 60, 6, and 1% conversions for the
LIS-Pd/ZnO, LIS-Pd/ZrO,, and LIS-Pd/SiO, -catalysts,
respectively. The LIS-Pd/TiO, catalyst successfully converts
almost 100% of bromobenzene to biphenyl within 240 min at
room temperature without any heating. For comparison, the
LIS-Pd/SiO, catalyst converts only about 24% of reactant,
while the LIS-Pd/ZrO, and LIS-Pd/ZnO catalysts convert
about 85 and 92%, respectively, after 240 min at room
temperature. The room-temperature results (Figure 7a,b) also
confirm the conclusion reached earlier that the activity of the
LIS-Pd catalysts is generally higher than that of the MW-Pd
catalysts. The increased activity of the LIS-Pd catalysts can be
explained by the smaller size of the Pd nanoparticles generated
by the LIS method compared to the MW-assisted chemical
reduction method.

To generalize the above results, the utility of the LIS-Pd/
TiO, catalyst is demonstrated for the synthesis of a variety of
biphenyl products under microwave reaction conditions at 60
°C, and the results are shown in Table 2. The results
demonstrate that a variety of biphenyl products containing
electron-withdrawing groups such as nitrile, aldehyde, and
nitro or electron-donating groups such as methoxy can be
efficiently synthesized in high yields using the LIS-Pd/TiO,
catalyst.

3.4. Recycling the LIS-Pd/TiO, Catalyst. Table 3
displays the recycling capability of the LIS-Pd/TiO, catalyst.

Table 3. Recycling of the Pd/TiO, Catalyst by the Suzuki
Cross-Coupling Reaction with Pd Concentration of 0.3 mol

%a

b

Run Pd content (wt %) Conversion (%)
1 3.47 100
2 321 96
3 2.95 90
4 2.87 85

“Reaction condition: bromobenzene (0.32 mmol, 1 equiv),
benzeneboronic acid (0.38 mmol, 1.2 equiv), K,CO; (0.96 mmol, 3
equiv), LIS-Pd/TiO, catalyst (0.3 mol % Pd), 4 mL solvent (1:1
H,0/EtOH), reaction at 60 °C (MWI) for 10 minutes. bConversion
of bromobenzene (%) determined by GC-FID analysis.

The spent (used) catalyst is analyzed by the ICP-OES to
determine the amount of Pd present. The amount of Pd fixed
at 0.3 mol % Pd is used for the subsequent runs to maintain
consistency in the evaluation of the recyclability. As shown in
Table 3, a conversion of more than 85% is observed for the
four recycling runs performed. The amount of Pd does not
decrease much after each run, indicating that the LIS-Pd/TiO,
catalyst is stable and does not cause significant Pd leaching of
the catalyst into the reaction mixture.
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4. SUMMARY AND CONCLUSIONS

In this work, we have developed a new approach for the green
synthesis of highly active Pd nanocatalysts supported on
substoichiometric oxide nanoparticles for Suzuki cross-
coupling reactions. The supports were synthesized from Ti,
Zr, Zn, and Si rods using the LVCC technique in the presence
of an oxygen—He gas mixture to produce substoichiometric
TiO,, ZrO,, ZnO, and SiO, nanoparticles. The LVCC method
generates small oxide nanoparticles with narrow particle size
distributions. Structural defects such as oxygen vacancies in the
nonstoichiometric oxide support enhance metal—support
interaction by providing favored nucleation sites for the Pd
nanoparticle catalysts. The Pd nanocatalysts are deposited on
the support using laser irradiation in aqueous solutions
containing the nonstoichiometric oxide support. For metal
oxide supports with band gaps accessible by laser irradiation in
solution, the photogenerated electrons can effectively reduce
the Pd ions at room temperature without the need for chemical
reducing agents, thus enabling fast and clean catalyst
deposition on the surface of the support. The developed
catalysts show high activity for Suzuki cross-coupling reactions
between various aryl bromides and arylboronic acids. The LIS-
Pd/TiO, catalyst with 0.3 mol % Pd achieves 100% conversion
of the reactants to the biphenyl product within 240 minutes at
room temperature without any external heating. With a catalyst
loading of 0.3 mol % of the LIS-Pd/TiO, and LIS-Pd/ZnO
catalysts, 92 and 83% conversions to the biphenyl product,
respectively, are achieved within five minutes under microwave
reaction conditions at 60 °C. The results demonstrate a
remarkable catalytic activity of the substoichiometric oxide-
supported Pd catalysts with turnover frequencies (TOF, h™")
of 24 000, 10 000, and 3200 achieved under mirowave-assisted
reactions at 60 °C for the 0.03 mol% LIS-Pd/TiO,, LIS-Pd/
ZnO, and LIS-Pd/ZrO, catalysts, respectively. The high
activity and excellent reusability of these nanocatalysts are
attributed to the strong catalyst—support interaction between
the small Pd nanoparticles and the surface defects of the
substoichiometric oxide support. The combined LVCC—LIS
techniques presented here provide a green synthesis route of
the oxide-supported Pd nanoparticle catalysts, which exhibit
high activity and good reusability for carbon—carbon bond-

forming reactions.
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