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Abstract A hierarchical titanium dioxide microspheres-supported palladium catalyst (Pd/TiO2-

350) was prepared and characterized using BET, XRD, XPS, SEM, EDX, and TEM analyses.

An ICP-OES analysis of Pd/TiO2-350 further confirmed the successful Pd immobilization on

TiO2 with a palladium loading of 0.1 mmol g�1. Pd/TiO2-350 efficiently catalyzed the Suzuki-

Miyaura reaction of aryl iodides with arylboronic acids to give the corresponding biaryl derivatives

in good to excellent yields. After the reaction, the catalyst was recovered by centrifugation and

reused three times without significant loss of its catalytic activity. Moreover, the loading of palla-

dium species further decreased to 0.001 mol%, and the total turnover number and turnover fre-

quency of the catalyst reached as high as 99 000 and 0.57 s�1, respectively.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cross-coupling reactions, represented by carbon–carbon bond forma-

tion, are an important class of organic reactions that enable key steps

in the construction of complex bioactive molecules, drugs and pesti-

cides, organic optoelectronic materials, and other functional molecules

(Meijere and Diederich, 2004). Among them, palladium-catalyzed

Suzuki-Miyaura coupling reactions of aryl halides with arylboronic

acids are one of the most effective methods for carbon–carbon bond

formation and the most widely studied cross-coupling reactions

(Miyaura and Suzuki, 1995; Hassan et al., 2002; Yin and Liebscher,

2007; Fihri et al., 2011; Mpungose et al., 2018). Various Pd-based

http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2022.104410&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:pan@tiangong.edu.cn
https://doi.org/10.1016/j.arabjc.2022.104410
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2022.104410
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 S. Pan et al.
homogeneous catalytic systems have been developed for the Suzuki

reaction in the past years. The catalytic system shows advantages in

simple preparation, high catalytic activity and good selectivity, and

an in-depth study of the catalytic mechanism could also be performed

(Marion et al., 2006; Marion and Nolan, 2008; Meconi et al., 2017; Li

et al., 2018; Zhou et al., 2020; Yang et al., 2021; D’Alterio et al., 2021).

However, the high cost due to limited Pd resources and the ease-of-

aggregation behavior of palladium limit its large-scale applications

(Greenwood and Earnshaw, 2012).

To overcome these limitations, heterogeneous catalysts with high

stability and reusability have attracted extensive attention in recent

years (Vásquez-Céspedes et al., 2021). In this century, various hetero-

geneous palladium catalysts have been developed and widely applied in

the Suzuki reaction (Miyaura and Suzuki, 1995; Hassan et al., 2002;

Yin and Liebscher, 2007; Fihri et al., 2011; Mpungose et al., 2018).

Palladium complexes and nanoparticles have been immobilized on var-

ious solid supporting materials, such as metal oxides, (Borkowski

et al., 2014; Nasrollahzadeh et al., 2015; Hu et al., 2017; Halligudra

et al., 2021) silica, (Kim et al., 2012; Kotadia et al., 2014) metal–or-

ganic frameworks, (Pascanu et al., 2015; Augustyniak et al., 2016;

Veisi et al., 2021; Cartagenova et al., 2022; Lin et al., 2022; Wu

et al., 2022) polymers, (Ichikawa et al., 2017; Shokouhimehr et al.,

2018; Guo et al., 2019; Ohno et al., 2020; Lin et al., 2021) natural mate-

rials (Mallikarjuna et al., 2017; Mallikarjuna et al., 2019; Bathula

et al., 2020) and so on, and high performances of these catalysts were

achieved. However, some issues remain with these systems, particularly

the need for high Pd loading, often accompanied by severe aggregation

of Pd nanoparticles. Although homogeneous catalytic systems with

ultra-low loading of palladium species have been established, (Roy

and Uozumi, 2018) there are few examples of heterogeneous catalytic

systems with high recyclability (Yamada et al., 2012; Handa et al.,

2015; Ding et al., 2020). Thus, developing highly active and reusable

heterogeneous catalysts are demanded to realize green-sustainable

organic transformation.

On the other hand, titania (TiO2) has been among the most widely

studied metal oxide supports over the past years due to its various

functional applications (Parrono and Palmisano, 2021). Different

TiO2-based heterogeneous catalytic systems have been investigated

for the Suzuki reaction (Sreedhar et al., 2011; Liu et al., 2014;

Nasrollahzadeh and Mohammad Sajadi, 2016; Han et al., 2017;

Mondal et al., 2017; Rohani et al., 2019; Wang et al., 2019; Veisi

et al., 2019; Eskandari et al., 2019; Das et al., 2020; Tovar et al.,

2021). Due to the equal ionic radii and strong interaction of Ti(IV)

(0.605 Å) and Pd(IV) (0.615 Å)/Pd(II) (0.640 Å), highly dispersed ultra-

small Pd nanoparticles could be achieved using TiO2 as a support,

because Pd species diffusely adhered to lattice interstices of TiO2,

and then highly dispersed seeds of Pd precipitate can be obtained by

the precipitant (Zhao et al., 2021). In previous work, the catalyst of

TiO2 microspheres-supported palladium nanoparticles was developed

for CO oxidation (Zhai et al., 2018). The results suggested that a Pd

catalyst supported on TiO2 microspheres showed higher activity and

stability. The special nanosheet structure in the TiO2 sphere induced

close contact between TiO2 and Pd nanoparticles during the calcined

procedure, which positively affects Pd’s dispersion and stability. This

study provided a common and efficient method for highly dispersed

and stabilized noble metals. In this work, a hierarchical-titania-micro

spheres-supported palladium nanocatalyst was prepared according to

the previous method with a minor modification and characterized by

different technologies including N2 adsorption–desorption isotherm,

XRD, XPS, SEM, EDX, TEM, and ICP-OES analyses. The highly dis-

persed ultrasmall Pd nanoparticles (1.9–3.9 nm) immobilized on TiO2

showed an outstanding catalytic performance for the coupling reaction

of aryl iodides with arylboronic acids at ultra-low amount loading of

palladium species (0.001–0.02 mol %), and the total turnover number

and turnover frequency of the catalyst reached as high as 99,000 and

0.57 s�1, respectively. Furthermore, the catalyst could be recycled three

times without significant loss of catalytic activity.
2. Results and discussion

The catalyst of hierarchical TiO2 microspheres-supported pal-
ladium nanoparticles (Pd/TiO2-350) was prepared according to

our previous method with a minor modification, (Zhai et al.,
2018) as shown in Scheme 1. A mixture of titanium tetraiso-
propoxide; diethylenetriamine and isopropanol was stirred at

room temperature for 3 min and then transferred into a Teflon
autoclave, heated to 200 �C in an oven for 24 h, followed by
wet-impregnated with Pd(NO3)2, and finally calcined in a muf-
fle furnace at 350 �C (2 �C min�1) for 4 h to give the desired

catalyst, which was denoted as Pd/TiO2-350. Palladium
nanoparticles immobilized on Degussa P25, and commercial
anatase (CA) were prepared following the same incipient wet-

ness impregnation method and calcinated at the same temper-
ature, denoted as Pd/TiO2-P25 and Pd/TiO2-CA, respectively.

Various analytical methods characterized the as-synthetized

TiO2 microspheres and the catalyst of Pd/TiO2-350. Field-
emission scanning electron microscopy (FE-SEM) images of
as-synthetized TiO2 microspheres and Pd/TiO2-350 catalyst

were shown in Fig. 1a and 1b. The as-synthetized TiO2 micro-
sphere was formed by the self-assembly of TiO2 nanoplates,
and Pd/TiO2-350 also showed similar spherical structures;
however, the surface morphology of the TiO2 microspheres

slightly changed after loading Pd species. Energy-dispersive
X-ray (EDX) analysis of Pd/TiO2-350 showed the presence
of palladium in the catalyst (Fig. 1c), clearly confirming the

immobilization of palladium species onto TiO2 microspheres.
An ICP-OES analysis of Pd/TiO2-350 further confirmed the
successful Pd immobilization on TiO2 with a mass loading of

10.7 mg g�1, which means the palladium loading was
0.1 mmol g�1.

The TEM image revealed that palladium nanoparticles

were generated and dispersed inside the TiO2 matrix
(Fig. 2a). The HR-TEM spectra of the Pd/TiO2-350 confirmed
the size of Pd nanoparticles (Fig. 2b) in the range of
1.9–3.9 nm (average: 3.1 nm). Lattice distances of 0.224 nm

in the HR-TEM spectra of the Pd/TiO2-350 catalyst are
ascribed to the (111) planes of the Pd(0) species. To further
characterize the palladium state of the Pd/TiO2-350 catalyst,

an X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted. The XPS spectra of Pd 3d revealed the presence of Pd
(0) and Pd(II) species in the Pd/TiO2-350 catalyst (Fig. 3b).

XRD patterns of the as-synthetized TiO2 microspheres and
the supported palladium catalyst are shown in Fig. 4. The
as-synthetized TiO2 microspheres displayed the typical peak
of the crystalline anatase phase of TiO2 (JCPDS 84–1285) at

25.3�, 36.9�, 37.8�, 38.6�, etc. However, no information of
the Pd(0) and Pd(II) phases was detected in the XRD patterns
of the prepared catalyst, probably due to the high dispersion of

Pd nanocrystals.
With the hierarchical TiO2 microspheres-supported palla-

dium catalyst (Pd/TiO2-350) in hand, we examined the reaction

conditions for the Suzuki-Miyaura reaction (Table 1). The
reaction of iodobenzene with phenylboronic acid performed
in the presence of Pd/TiO2-350 (0.02 mol% active metal) in

EtOH/H2O (v/v = 1:1) under ambient conditions. Firstly, sev-
eral inorganic and organic bases were examined for this trans-
formation (entries 1–5). The use of K2CO3 gave the desired
biphenyl (3a) in 99 % GC yield, and the highest turnover fre-



Scheme 1 The synthesis procedure of the Pd/TiO2-350 catalyst.

Fig. 1 SEM images of (a) TiO2 microspheres, (b) Pd/TiO2-350 catalyst; and (c) EDX mappings of Pd/TiO2-350 catalyst.
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quency (TOF) reached 1650 h�1. The Pd/TiO2 catalysts that
calcinated at different temperatures (300 �C, 400 �C, and

450 �C) were also submitted to the same reaction (Supporting
information, Table S1). The results showed that the Pd/TiO2

with a calcination temperature of 350 �C has an excellent cat-

alytic activity, and the highest yield of 3a was achieved. No
desired product was detected when the reaction was carried
out without a base or a palladium catalyst (entries 6 and 7).

The as-synthetized TiO2 microspheres were used only as a cat-
alyst in this transformation. However, none of 3a was formed,
clearly confirming that an ultra-low amount of palladium spe-
cies (0.02 mol% active metal) promoted this transformation

(entry 8). Palladium nanoparticles immobilized on commer-
cially available titania (Degussa P25 and anatase) were pre-
pared under the same conditions as Pd/TiO2-350 and applied

to this transformation. However, the yields of these catalysts
(80 % and 59 %, respectively) didn’t exceed that of Pd/TiO2-
350 under the same conditions (Entries 9 and 10). These results

clearly confirmed that the synthesized hierarchical TiO2 micro-
sphere was superior to commercial titania as the support.



Fig. 2 TEM images of Pd/TiO2-350 catalyst.

Fig. 3 (a) Full range XPS spectrum, (b) Pd 3d XPS spectrum of the Pd/TiO2-350 catalyst.
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When bromobenzene was used as a substrate, which replaced
iodobenzene in this reaction, the yield only reached 69 % even
at a prolonged reaction time (Entry 11). We chose the condi-

tions in entry 2 for further examinations.
Furthermore, the physical properties of titania (TiO2) and

the prepared catalysts were analyzed by BET analysis. As

shown in Table 2, the as-synthetized TiO2 microspheres have
a large surface area (235.8 m2 g�1), while commercially avail-
able titania (Degussa P25 and anatase) has a smaller surface

area. After the immobilization of palladium species and calci-
nation, the surface area of Pd/TiO2-350 decreased slightly, but
the pore volume and average pore diameter increased obvi-
ously. Although the average pore diameter of Pd/TiO2-P25

reached 20.25 nm, the surface area and pore volume were
smaller than that of Pd/TiO2-350. The physical property of
Pd/TiO2-CA did not change significantly after loading palla-
dium species. The results were in line with the catalytic activi-

ties of the catalysts, indicating that the large surface area of the
as-synthetized TiO2 microspheres facilitates high dispersion of
Pd.

With the optimal reaction in hand, we next examined the
substrate scope in the presence of Pd/TiO2-350 (0.02 mol%
active metal) in EtOH/H2O (v/v = 1:1). As shown in Table 3,

the reactions of iodobenzene with different arylboronic acids
gave the desired products (3b-3f) in good to excellent yields
(Entries 1–5). Similarly, it was found that iodobenzene with
both an electron-donating group and an electron-

withdrawing group reacted with phenylboronic acid to form



Fig. 4 XRD patterns of TiO2 microspheres and the prepared Pd/

TiO2-350.

Table 1 Optimization of reaction conditionsa.

Entry Pd cat. Base

1 Pd/TiO2-350 Na2CO3

2 Pd/TiO2-350 K2CO3

3 Pd/TiO2-350 Cs2CO3

4 Pd/TiO2-350 NEt3
5 Pd/TiO2-350 Pyridine

6 Pd/TiO2-350 –

7 – K2CO3

8 -/TiO2-350 K2CO3

9 Pd/TiO2-P25 K2CO3

10 Pd/TiO2-CA K2CO3

11d Pd/TiO2-350 K2CO3

a Reaction conditions: iodobenzene (0.5 mmol), phenylboronic acid (0.7

(1.0 mL/1.0 mL), otherwise other noted.
b Determined by GC analysis using n-hexadecane as an internal standa
c Yield of isolated yield in parentheses.
d Bromobenzene replaced iodobenzene, and the reaction time was prol

Table 2 Physical properties of titania and the prepared Pd/TiO2 ca

Samples SBET

[m2 g�1]

Por

TiO2 microspheres 235.8 0.49

TiO2-P25 53.8 0.33

TiO2-CA 9.7 0.03

Pd/TiO2-350 210.3 0.58

Pd/TiO2-P25 39.7 0.20

Pd/TiO2-CA 9.0 0.03
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the corresponding biphenyl derivatives in high yields (Entries
6–18). Functional groups such as methyl, methoxy, chloro,
cyano and ketone groups can be tolerated in this transforma-

tion, and excellent yields were achieved. Furthermore, no
dechlorination occurred in the case of chloro-substituted
phenylboronic acids, providing an opportunity for further

functionalization of the products (Entries 3, 8, 14 and 17).
To demonstrate the generality of this method, we further

decreased the palladium loading in this transformation. The

reaction of iodobenzene (1a) with phenylboronic acid (1b)
was carried out in a 10.0 mmol scale in the presence of
0.001 mol% palladium species, and the desired biphenyl 3a
was obtained in 99 % yield at a prolonged reaction time

(Scheme 2a). The product of 3b was also obtained in an excel-
lent yield under similar reaction conditions (Scheme 2b). The
total turnover number and turnover frequency of the catalyst

reached as high as 99 000 and 0.57 s�1, respectively. These
results clearly demonstrated that the Suzuki-Miyaura reaction
using Pd/TiO2-350 as a catalyst is a practical method for syn-

thesizing biphenyl derivatives.
Yield of 3a [%]b TOF [h�1]

<5 <83

99(93)c 1650

82 1367

35 583

0 0

0 0

0 0

0 0

80 1333

59 983

69 48

5 mmol), Pd/TiO2-350 (1.0 mg, 0.02 mol% active metal), EtOH/H2O

rd.

onged to 24 h.

talysts.

e volume [cm3 g�1] Average pore diameter [nm]

9 8.46

6 23.48

7 15.30

6 11.14

1 20.25

8 16.91



Table 3 Substrate scope of the Pd/TiO2-catalyzed Suzuki-Miyaura reactiona.

Entry 1 [R = ] 2 [R’ =] Yield of 3 [%]b

1 H OCH3 3b, 99

2 H CH3 3c, 85

3 H Cl 3d, 99

4 H CN 3e, 99

5 H COCH3 3f, 99

6 OCH3 CH3 3g, 99

7 OCH3 H 3b, 95

8 OCH3 Cl 3h, 96

9 OCH3 CN 3i, 91

10 CH3 CH3 3j, 90

11 CH3 CN 3k, 99

12 CH3 COCH3 3l, 96

13 CN CH3 3k, 90

14 CN Cl 3m, 86

15 CN COCH3 3n, 89

16 COCH3 H 3f, 99

17 COCH3 Cl 3o, 99

18 COCH3 CN 3n, 92

a Reaction conditions: aryl iodide (0.5 mmol), arylboronic acid (0.75 mmol), Pd/TiO2-350 (1.0 mg, 0.02 mol% active metal), EtOH/H2O

(1.0 mL/1.0 mL), 80 �C, 3 h.
b Isolated yields.

Scheme 2 Gram-scale synthesis of biaryl derivatives.
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Fig. 5 Recycling experiments of Pd/TiO2-350.

Scheme 3 A possible mechanism for the Suzuki reaction

catalyzed by Pd/TiO2-350.
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Catalyst recycling is important in relation to both industrial
applications and green-sustainable transformation. A recycling

experiment with Pd/TiO2-350 catalyst was performed in the
reaction of iodobenzene with phenylboronic acid. After com-
pletion of the reaction, the catalyst was separated from the

reaction mixture by centrifugation, washed with ethyl acetate,
and air-dried carefully for the next cycle. ICP analysis showed
that 2.3 % of palladium species were leached to the solution.

The catalyst could be reused three times without significant
loss of its catalytic activity (Fig. 5).

A comparison of the efficiency of various titania-supported
palladium catalysts with Pd/TiO2-350 in the Suzuki coupling

reactions in the literature is listed in Table 4. This comparison
clearly showed that the catalyst Pd/TiO2-350 showed a high
turnover number (TON) and turnover frequency (TOF) under

less-toxic reaction conditions. The weakness of this system is
its low activity towards bromobenzene and inactivity in rela-
tion to chlorobenzene.

A possible catalytic reaction cycle for the Suzuki reaction
catalyzed by Pd/TiO2-350 was shown in Scheme 3. At first,
over the active Pd-sites present in TiO2-supported heteroge-
neous catalyst, oxidative addition occurs, followed by trans-
Table 4 Comparison of the efficiency of Pd/TiO2-350 and reported

Entry Catalyst

(mol% Pd)

Conditions

1 TiO2-Pd(0) (0.8) EtOH/H2O, K2CO3,

2 Pd//TiO2 (0.7) NMP/H2O, Na2CO3

3 Au-Pd//TiO2 (1) EtOH/H2O, K2CO3,

4 Pd/MTiO2 (0.96) H2O, K2CO3, TBAB

5 TiO2/IL-Pd (0.2) EtOH/H2O, K2CO3,

6 LIS-Pd/TiO2 (0.3) EtOH/H2O, K2CO3,

7 Pd/TiO2-350

(0.001–0.02)

EtOH/H2O, Cs2CO3
metallation of arylboronic acid and reductive elimination of

the final product.
In summary, a hierarchical titanium dioxide microspheres-

supported palladium catalyst (Pd/TiO2-350) was prepared and

applied to the Suzuki-Miyaura coupling of aryl iodides with
arylboronic acids. The highly dispersed ultrasmall Pd nanopar-
ticles (1.9–3.9 nm) immobilized on TiO2 showed an outstand-

ing catalytic performance, and the loading of palladium species
could be decreased to 0.001 mol%. After the reaction, the cat-
alyst could be reused 3 times without significant loss of cat-
alytic activity. Efforts to extend the range of applications for

the supported palladium catalysts to other transformations
are currently ongoing in our laboratory.
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values for other catalysts in the Suzuki reaction.

Recycle

(times)

Ref.

rt 7 Tovar et al., 2021

, 120 �C 5 Veisi et al., 2019

rt, blue LED 5 Veisi et al., 2021

, 85 �C 6 Wang et al., 2019

25 �C 6 Yang et al., 2021

60 �C (MWI) 4 Zhai et al., 2018

, 80 �C 4 this work
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