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Abstract
The present article demonstrates a simple method for synthesizing the highly stabilized Pd(0) nanoparticles by using sup-
ported 12-tungstophosphoric acid as a stabilizer as well as a carrier. The obtained material was characterized by different 
methods and the presence of nanoparticles on the surface of the carrier was confirmed, especially by TEM and XPS. As an 
application, the use of material was explored for the well-known fascinating organic transformation, Suzuki–Miyaura cross 
coupling reaction in aqueous medium as well as in neat  H2O. It was found that the material shows an outstanding activity 
as the heterogeneous catalyst (0.0096 mol% of Pd) for both aqueous medium (99% conversion, TOF 96958 h−1) and in neat 
 H2O (89% conversion, TOF 46390 h−1) towards biphenyl. The catalyst was recovered by filtration only, regenerated and 
reused without any significant loss in conversion. Study shows that the present catalyst is truly heterogeneous and sustain-
able for the said reaction, in either of the medium. The viability of the catalyst was learned toward different substrates and 
found to be excellent in almost all cases.
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Graphical Abstract
Pd nanoparticles stabilized by supported 12-tungstophosphoric acid is proved to be sustainable and excellent for Suzuki–
Miyaura reaction with very high catalyst to substrate ratio as well as TOF.

Keywords Pd(0) nanoparticles · Sustainable · Suzuki–Miyaura · Aqueous medium · Neat  H2O

1 Introduction

Pd(0) nanoparticles are one of the most studied cata-
lysts for C–C coupling reactions [1] and over the last few 
years, synthesis of stabilized Pd(0) nanoparticles is gain-
ing a tremendous attention. As a result number of arti-
cles describing various methods with different stabilizing 
agents [2–13] are available in the literature. In addition, 
Veisi et al. reported use of number of different natural 
plant extracts as green stabilizing agents for synthesizing 
Pd(0) nanoparticles [14–24]. Amongst, polyoxometalates 
(POMs), unique class of inorganic compounds having dis-
crete metal–oxygen cluster composed of transition metals 
of group V and VI in high oxidation states and acidic form 
of them are known as heteropolyacids, are very fascinat-
ing and excellent as stabilizing agent due to their num-
ber of convergent properties such as robust oxoanionic 
nature, its negative charges, large relative sizes, stabil-
ity, reducing and encapsulating agent [13, 25–28]. As a 
result, number of POMs, including lacunary as well as 
substituted, are used to stabilized Pd(0) following differ-
ent methods [25–42]. At the same time, electron transfer 

ability of the POMs facilitates the oxidative addition and 
reductive elimination steps [41] making them very attrac-
tive candidates for carrying out different coupling reac-
tions [25, 35, 41, 42]. In 2002, Neumann et al. derived 
palladium nanoparticles from a palladium substituted 
keggin-type POM  [K5[PdPW11O39]·12H2O] and achieved 
99% yield of biphenyl using chlorobenzene in etha-
nol–water system at 85 °C in 12 h. The same catalyst was 
supported on γ-Al2O3,  [K5[PdPW11O39]·12H2O/γ-Al2O3], 
and applied as a heterogeneous catalyst for the said reac-
tion at 130 °C for 16 h, under the solvent free condition 
to achieve 99% yield of biphenyl [25]. It is surprising 
that, even though the reaction is most important, no study 
was carried out for the same using Pd(0) based POMs 
for a long time. Almost after 13 years, in 2015, Rafiee 
et  al. developed palladium-poly(N-vinylpyrrolidone)-
nano zero valent iron and  H5PMo10V2O40(Mo10V2) sup-
ported on  Fe2O3@SiO2 core–shell nanoparticles to per-
form in ethanol–water system and achieved 96% yield 
of biphenyl using bromobenzene at reflux temperature 
in 30 min. The catalyst was recycled up to four cycles 
[41]. In 2016, Wang et al. reported nanorolls and hollow 
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spindles based on palladium substituted Wells–Dawson 
POM  (K15[Pd2(α2-P2W17O61)2H]) to obtain 96% yield in 
ethanol–water system at 30 °C in 20 min with stability up 
to four catalytic runs [42].

In summary, a literature survey shows that among the 
available methods to stabilize Pd(0) using different POMs, 
only one report describes the use of Cs salt of 12-tung-
stophosphoric acid-supported  SiO2 as a platform to pro-
duce highly dispersed Pd nanoparticles under UV-light 
irradiation [40]. It also shows that no report is available 
where combination of Pd(0) and supported heteropolyacid 
is used for carrying out Suzuki-Miyaura (SM) reaction. It 
was also found that the report on the use of one catalyst 
for both the systems i.e. aqueous medium as well as in neat 
water is also not available in the art. Keeping in mind all 
these observations, it was thought of developing a simple 
method for getting stabilized Pd(0), as well as to evaluate 
its catalytic activity for SM reaction in different medium 
in order to check its sustainability.

In the present paper, first time we are reporting the 
synthesis of Pd(0) nanoparticles stabilized by zirconia 
supported 12-tungstophosphoric acid (TPA/ZrO2). Here, 
Pd(II) was exchanged with available protons of supported 
TPA/ZrO2. The synthesized material was characterized by 
elemental analysis EDX, TGA, FT-IR, XPS, TEM, BET 
and XRD and used as a sustainable heterogeneous cata-
lyst for the said reaction in aqueous medium as well as in 
neat water. Influence of various parameters such as reac-
tion time, reaction temperature, catalyst amount, effect 
of base, solvent and solvent to water ratio were studied 
out to obtain maximum % conversion. An attempt was 
also made to scale up the experiment under the optimized 
conditions. Scope and limitation of synthesized catalyst 
was investigated towards different substrates. The catalyst 
was regenerated, reused and the regenerated catalyst was 
characterized by TEM and XPS to confirm the stability of 
Pd(0) nanoparticles.

2  Experimental

2.1  Materials

All chemicals used were of A.R. grade. 12-Tungstophos-
phoric acid, zirconium oxychloride, ammonia, palladium 
chloride, iodobenzene, bromobenzene, chlorobenzene, 
1-bromo-4-nitrobenzene, 4-bromoacetophenone, p-bromo-
phenol, 4-methoxybenzene boronicacid, phenylboronic 
acid, potassium carbonate, petroleum ether, ethyl acetate 
and dichloromethane were obtained from Merck and used 
as received.

2.2  Catalyst Synthesis

The synthesis of stabilized palladium(0) by supported 
12-tungstophosphoric acid is shown in scheme 1. To design 
the catalyst, the advantage of available counter protons of 
zirconia supported 12-tungstophosphoric acid was exploited.

Zirconia  (ZrO2) [43] and zirconia supported 12-tung-
stophosphoric acid (TPA/ZrO2) [44] was synthesized by 
following the same method reported by us. Palladium(II) 
was deposited on supported 12-tungstophosphoric acid 
via exchanging the available protons of TPA [45]. 1 g of 
TPA/ZrO2 was soaked with 25 mL 0.05 M aqueous solu-
tion of  PdCl2 for 24 h with stirring. The solution was fil-
tered, washed with distilled water in order to remove the 
excess of palladium and dried in air at room temperature. 
The resulting brown catalyst was designated as Pd(II)-TPA/
ZrO2. Then, synthesized catalyst was charged in a Parr reac-
tor under 1 bar  H2 pressure, at 40 °C for 30 min to reduce 
Pd(II) to Pd(0). After that the catalyst was removed from 
reactor and kept in air to attain the room temperature. The 
obtained black catalyst was designated as Pd(0)-TPA/ZrO2. 
The same procedure was followed for the synthesis of Pd(0)/
ZrO2.

Scheme 1  Synthesis of Pd(0)-TPA/ZrO2
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2.3  Characterization

The analysis of Pd in the filtrate was carried out by 
gravimetric analysis [46]. Elemental analysis of the solid 
catalyst was performed by JSM 5610 LV combined with 
INCA instrument. Leaching of Pd in the reaction mix-
ture was checked by using atomic adsorption spectrometer 
AAS GBC-902 instrument. Thermo gravimetric analysis 
(TGA) of the catalyst was performed on Metler Toledo 
Star SW 7.01 in the temperature range of 50–600  °C 
with flow rate of 2 mL min−1 under nitrogen atmosphere 
with heating rate of 10 °C min−1. FT-IR spectrum of the 
material was performed by using the KBr wafer on a Shi-
madzu instrument (IRAffinity-1S). X-ray photoelectron 
spectroscopy (XPS) measurements were performed with 
Auger electron spectroscopy (AES) Module PHI 5000 
Versa Prob II. TEM analysis was carried out on JEOL/
EO TEM instrument (model-JEM 1400) with accelerat-
ing voltage of 120 kV. Samples were prepared by drop-
ping the dispersed sample on 300 mesh carbon coated Cu 
grid. Adsorption desorption isotherms of samples were 
recorded by Micromeritics ASAP 2010 surface area ana-
lyzer at − 196 °C. The XRD pattern was performed by 
using a Philips PW-1830 diffractometer. The conditions 
were: Cu-Kα radiation (1.54 Å), scanning angle from 10° 
to 80°. It must be noted that Pd(0)/ZrO2 has not been 
characterized in detail as the main focus was on the com-
parison of the catalytic activity.

2.4  Suzuki–Miyaura Reaction

Initially, the glass reactor was flushed using  N2 gas. In 
an experiment, halobenzene (1.96 mmol), phenylboronic 
acid (2.94 mmol),  K2CO3 (3.92 mmol), solvent and cat-
alyst Pd(0)-TPA/ZrO2 (0.0096 mol% Pd) were charged 
into the glass reactor. The reactor was heated at desired 
temperature in an oil bath with stirring, under a  N2 gas 
atmosphere. After reaction completion, the reaction mix-
ture was cooled and the organic phases were extracted 
by using dichloromethane as an extracting solvent. The 
organic phases were then dried with anhydrous magne-
sium sulfate and analyzed by a gas chromatograph (Shi-
madzu-2014) using a capillary column (RTX-5). The 
obtained products were identified by comparison with the 
authentic samples. The product was also purified by col-
umn chromatography on silica gel with a mixture of ethyl 
acetate and petroleum ether as an eluent. The isolated 
product was identified by 1H & 13C NMR (Supplementary 
Fig. S1) spectroscopic analysis as well as by melting point 
and the % yield of product was presented in Table 5.

3  Results and Discussion

3.1  Catalyst Characterization

The gravimetric analysis shows 0.4 wt% of Pd in Pd(II)-TPA/
ZrO2 [46]. EDX value of W (16.87 wt%) and Pd (0.47 wt%) 
is in good agreement with calculated one (16.91 wt% of 
W, 0.4 wt% of Pd). Very low % of Pd indicates that only 
the protons of TPA were exchanged [45]. EDX elemental 
mapping of the catalyst is shown in Supplementary Fig. S2.

The TGA curve (Fig. 1) of TPA/ZrO2 shows the 12.6% 
weight loss in the temperature range of 70–100 °C indicates 
the loss of absorbed water molecules and then there was no 
weight loss observed up to 500 °C indicates the stability 
of the supported catalyst. The TGA of the Pd(0)-TPA/ZrO2 
shows the 13% weight loss up to 150 °C due to the loss of 
adsorbed water molecules. No weight loss was observed up 
to 500 °C indicating the stability of the catalyst up to 500 °C.

FT-IR spectrum (Supplementary Fig. S3) of  ZrO2 indi-
cates two bending vibrations at 1600 and 1370 cm−1 for 
O–H–O and H–O–H vibrations and weak bending vibration 
of Zr–O–H at 600 cm−1. The FT-IR spectrum of TPA/ZrO2 
shows characteristic stretching vibration bands of W–O–W, 
W=O and P–O at 812, 964 and 1070 cm−1 respectively 
indicating the presence of TPA. The FT-IR spectrum of 
Pd(0)-TPA/ZrO2 shows the characteristic bands at 824, 945 
and 1056 cm−1 corresponding to stretching vibration for 
W–O–W, W=O and P=O but with significant shift may be 
due to the change in the environment. Here, additional band 
corresponding to Pd–O band is not observed, this may be 
due to the merging of band with Zr–O.

The X-Ray photoelectron spectrum of Pd(0)-TPA/ZrO2 is 
displayed in Fig. 2. A high intense peak at 532 eV  (3p3/2) is 

Fig. 1  TGA curves of TPA/ZrO2 and Pd(0)-TPA/ZrO2
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in agreement with reported one [47] and confirms the pres-
ence of Pd(0) nanoparticles on the surface. In addition, the 
peak obtained [28] at 335 eV  (3d5/2) as well as broad peak at 
558 eV  (3p1/2) [47] also confirms the presence of Pd(0) nan-
oparticles. However, there are still a tiny number of Pd(II) 
present, as evidence by corresponding peak at 345.5 eV 
 (3d3/2). This may be because of air oxidation of the surface 
of Pd(0) during the drying process. From these obtained data 
and the intensities of the peaks, it is confirmed that amount 
of Pd(0) species is higher with a very trace amount of Pd(II) 
species in the catalyst. This is further confirmed by TEM.

TEM images of the fresh catalyst are displayed in 
Fig. 3. SAED Fig. 3a indicates the non-crystalline and 
uniform dispersion of Pd(0) in the synthesized cata-
lyst. Fig. 3b shows the dark uniform suspension in the 

amorphous nature of the catalyst. This indicates the high 
dispersion of Pd(0) nanoparticles over the surface of the 
catalyst.

The increase in surface area of the Pd(II)-TPA/ZrO2 
(169 m2 g−1) as compared to that of TPA/ZrO2 (146 m2 g−1) 
indicates high uniform dispersion of the Pd on the surface of 
TPA/ZrO2 [45]. The observed drastic increase in the value of 
surface area of Pd(0)-TPA/ZrO2 (203 m2 g−1) as compared 
to that of Pd(II)-TPA/ZrO2 (169 m2 g−1), conforming the 
reduction of Pd(II) to Pd(0) and in good agreement with the 
known fact that nanoparticles have higher surface area than 
the parent one. It is very interesting to note down that in 
spite of different surface area, the nitrogen adsorption des-
orption isotherms (Fig. 4) are almost similar for all systems 
confirming no change in the basic structure.

Fig. 2  XPS spectrum of Fresh 
Pd(0)-TPA/ZrO2

Fig. 3  TEM images of dispersed 
Pd(0)-TPA/ZrO2
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The XRD patterns of  ZrO2, TPA, TPA/ZrO2 and Pd(0)-
TPA/ZrO2 catalysts are shown in Supplementary Fig. S4. 
The XRD patterns of  ZrO2 (Supplementary Fig. S4a) shows 
the amorphous nature of the support. The XRD pattern of 
TPA/ZrO2 (Supplementary Fig. S4b) does not show any 
characteristic diffraction line indicating that a high disper-
sion of TPA in a non-crystalline form on the surface of TPA/
ZrO2. In XRD patterns of Pd(0)-TPA/ZrO2 (Supplementary 
Fig. S4c), absence of any crystalline peak corresponds to 
Pd(0), is due to the very low concentration of Pd(0) on the 
surface of the catalyst as well as high dispersion of Pd(0) 
nanoparticles on the surface of TPA/ZrO2.

3.2  Catalytic Studies

3.2.1  SM Reaction Aqueous Medium

To evaluate the catalytic activity, iodobenzene (1.96 mmol) 
and phenylboronic acid (2.94 mmol) were taken as the cou-
pling substrates and the effect of various reaction parameters 
such as time, catalyst amount, base, solvent, solvent ratio 
and temperature were studied to optimize the conditions for 
maximum % conversion.

The effect of time on catalytic conversion was screened 
by varying the time from 10 h to 10 min as shown in Fig. 5. 
Almost similar % conversion was obtained from 10 h to 
30 min, after that it decreases. Hence, 30 min optimized for 
the reaction.

The concentration effect of the Pd(0) on the reaction is 
shown in Table 1. The reaction was carried out by varying 
the catalyst amount in the range of 100–5 mg with concentra-
tion of Pd(0) in the range of 37.4 × 10−4 mmol (0.192 mol%) 
to 1.88 × 10−4 mmol (0.0096 mol%) respectively. Initially, 
the reaction was carried out using (0.192 mol%). The conver-
sion remained unchanged with decrease in the concentration 

of Pd(0) up to 1.88 × 10−4 mmol (0.0096 mol%). This indi-
cates that very low concentration of Pd(0) is sufficient for 
the maximum % conversion.

The effect of base on the reaction is shown in the Fig. 6. 
The study indicates that organic base triethyl amine  (Et3N) 
is less favorable for coupling reaction compare to that of 

Fig. 4  Nitrogen adsorption desorption isotherms of a TPA/ZrO2 b 
Pd(II)-TPA/ZrO2 and c Pd(0)-TPA/ZrO2

Fig. 5  Effect of time. Reaction conditions:  K2CO3 (3.92 mmol), conc. 
of Pd(0) (0.0096  mol%),  C2H5OH:H2O (3:7)  mL, catalyst/substrate 
ratio (9.59E−5), 80 °C

Table 1  The effect of concentration of Pd(0)

Reaction conditions:  K2CO3 (3.92  mmol),  C2H5OH:H2O (3:7)  mL, 
30 min, 80 °C

Catalyst amount 
(mg)

Conc. of Pd(0)  (10−4 mmol) % Conversion

100 37.4 (0.192 mol%) 98
50 18.7 (0.096 mol%) 99
25 9.35 (0.048 mol%) 98
15 5.61 (0.0288 mol%) 99
10 3.74 (0.0192 mol%) 100
5 1.88 (0.0096 mol%) 99

Fig. 6  Effect of different base. Reaction conditions: base 
(3.92 mmol), conc. of Pd(0) (0.0096 mol%),  C2H5OH:H2O (3:7) mL, 
catalyst/substrate ratio (9.59E−5), 30 min, 80 °C
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inorganic base. The highest conversion was found in the 
case of  K2CO3 and NaOH compared to  Na2CO3. As  K2CO3 
is environmentally benign, easy to handle and non-hygro-
scopic in nature compared to NaOH, further study was 
carried out with  K2CO3.

The effect of different solvents is shown in the Supple-
mentary Table ST1 and it is clear that in case of ethanol 
the highest conversion was achieved compare to acetoni-
trile and toluene. The results are in good agreement with 
reported one [45], stating that polar solvents tend to give 
the best results for coupling reaction. Hence, ethanol was 
selected as an appropriate solvent for further study.

Further the effect of solvent to water  (C2H5OH:H2O) 
ratio was also studied and data are presented in Fig. 7. 
It is seen from the figure that in all the cases, conver-
sion in aqueous medium is better than neat solvents. In 
case of ethanol alone, the conversion is 53% only, this is 
because of insolubility of base in reaction mixture. In case 
of (9:1) mL and (8:2) mL ratios base solubility increases 
due to increase in water amount. Hence, conversion also 
increases. The same trend was found for (7:3) mL, (5:5) 
mL and (3:7) mL ratios. Further, with increase in water 
amount, conversion decreases due to low solubility of the 
substrates in water compared to ethanol. Hence, (3:7) mL 
ratio is optimized for further study. Thus, the presence of 
water which acts as co-solvent can accelerate the reac-
tion towards high yield of the product. This is expected 
because, presence of water facilitates the easy ionization 
of  K2CO3 and provides basic medium for the reaction. 
Similarly, under the optimized (3:7) mL ratio, reactions 
with  (CH3CN:H2O) and (toluene:  H2O) were also carried 
out and 92% and 23% conversion was found respectively.

Finally, the effect of temperature was studied and 
obtained results are presented in Supplementary Fig. S5. 
The reaction was carried out by varying the temperature 
range from 50 to 90 °C. It can be seen from the table 
that with increase in temperature, the % conversion also 
increases. 99% conversion was obtained at 80 °C. Further, 
increase in temperature dose not shows any effect on con-
version. Hence, 80 °C was considered as optimum for the 
maximum % conversion.

From the above study, the optimized conditions for the 
maximum % conversion (99) are: iodobenzene (1.96 mmol), 
phenylboronic acid (2.94 mmol),  K2CO3 (3.92 mmol), conc. 
of Pd(0) (0.0096 mol%),  C2H5OH:H2O (3:7) mL, catalyst/
substrate ratio (9.59E−5), TOF (20,642 h−1), 30 min, 80 °C.

Further, the obtained product was purified by column 
chromatography on silica gel with a mixture of ethyl ace-
tate and petroleum ether as eluent. Isolated yield (99%) was 
found to be the same with the conversion (99%) found by 
GC.

3.2.2  SM Reaction in Neat Water

Here also, various parameters have been studied in order 
to achieve the maximum % conversion using iodobenzene 
(1.96 mmol) and phenylboronic acid (2.94 mmol) as the cou-
pling substrates. The effect of time was screened by varying 
the time from 30 min to 2 h and the maximum conversion 
was obtained in 1 h. The effect of concentration of Pd(0) was 
studied by varying the amount from 5 to 15 mg with con-
centration of Pd(0) from 1.88 × 10−4 mmol (0.0096 mol%) 
to 5.61 × 10−4 mmol (0.0288 mol%) respectively and the 
conversion remains unchanged with increase in the concen-
tration of Pd(0). Results indicate that very low concentra-
tion of Pd(0) (0.0096 mol%) is sufficient for the maximum 
% conversion. Effect of various bases was also carried out 
and  K2CO3 was found to be the most suitable base for the 
maximum % conversion. Similarly, effect of temperature was 
studied from the range of 80–100 °C. Conversion increases 
with increase in temperature and was found to be maximum 
at 100 °C. Obtained results are summarized in Fig. 8.

Finally, the effect of water amount on the reaction was 
also studied by keeping all other parameters constant. 
Obtained results are presented in Supplementary Fig. S6, it 
is seen from the figure that with increase in the volume of 
water, initially conversion also increases. This may be due 
to the increase in the solubility of substrates as well as base. 
However, with further increase in volume of water, the con-
version eventually decreases. This is because of the dilution 
of base [48]. Under the optimized condition, 6 mL of water 
is the appropriate volume for the maximum % conversion.

Fig. 7  The effect of 
 C2H5OH:H2O ratio as solvent. 
Reaction condition:  K2CO3 
(3.92 mmol), conc. of Pd(0) 
(0.0096 mol%), catalyst/sub-
strate ratio (9.59E−5), 30 min, 
80 °C
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From the above study, the optimized conditions 
for the maximum % conversion (89) are: iodobenzene 
(1.96 mmol), phenylboronic acid (2.94 mmol),  K2CO3 
(3.92 mmol), conc. of Pd(0) (0.0096 mol%),  H2O (6 mL), 
catalyst/substrate ratio (9.59E−5), TOF (9383 h−1), 1 h, 
100 °C.

In addition, the obtained product was purified by col-
umn chromatography on silica gel with a mixture of ethyl 
acetate and petroleum ether as eluent. Isolated yield (89%) 
was found to be the same with the conversion (89%) found 
by GC.

An attempt was also made to scale up the reaction in 
both the cases. This was performed under the optimized 
temperature and concentration of Pd(0) by increasing the 
substrates (iodobenzene and phenylboronic acid) as well as 
solvent (five times) in aqueous medium as well in neat water. 
An almost identical conversion (93% in aqueous medium 
and 89% in neat water) was obtained, indicating very low 
amount of the catalyst (0.00192 mol%) is capable to tolerate 
high amount of the substrates without affecting the conver-
sion with high TOF (96,958 h−1 in aqueous medium and 
46,390 h−1 in neat water).

In both the cases, control experiments were carried out 
with  PdCl2, Pd(0)/ZrO2 and TPA/ZrO2 under optimized con-
ditions and results are shown in Table 2. It is seen from the 
table that TPA/ZrO2 is inactive towards the reaction. Almost 
same conversion was found in the case of  PdCl2, Pd(0)/ZrO2 

Fig. 8  Optimization of parameters for SM reaction. Reaction con-
ditions: a effect of time:  K2CO3 (3.92  mmol), conc. of Pd(0) 
(0.0096  mol%),  H2O (6  mL), catalyst/substrate ratio (9.59E−5), 
100  °C. b Effect of catalyst amount:  K2CO3 (3.92  mmol),  H2O 
(6  mL), 1  h, 100  °C. c Effect of base: base (3.92  mmol), conc. of 

Pd(0) (0.0096 mol%),  H2O (6 mL), catalyst/substrate ratio (9.59E−5), 
1 h, 100 °C. d Effect of temperature:  K2CO3 (3.92 mmol), conc. of 
Pd(0) (0.0096 mol%),  H2O (6 mL), catalyst/substrate ratio (9.59E−5), 
1 h

Table 2  Control experiments

Reaction conditions: iodobenzene (1.96  mmol), phenylboronic acid 
(2.94  mmol),  K2CO3 (3.92  mmol), conc. of Pd(0) (0.0096  mol%), 
catalyst/substrate ratio (9.59E−5)
a C2H5OH:H2O (3:7) mL, 30 min, 80 °C
b H2O (6 mL), 1 h, 100 °C
c Aqueous medium
d Neat water

Catalyst %  Conversiona,c % 
 Conversionb,d

PdCl2 99 84
Pd(0)/ZrO2 95 84
TPA/ZrO2 1 1
Pd(0)-TPA/ZrO2 99 89
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and Pd(0)-TPA/ZrO2 in both the medium. This indicates that 
Pd is real active species responsible for the reaction.

In both the cases, heterogeneity test was carried out for 
Pd(0)-TPA/ZrO2 and Pd(0)/ZrO2 by centrifuging the catalyst 
from the reaction mixture. In the case of aqueous medium, 
reaction was carried out for 10 min and then filtrate was 
allowed to react up to 30 min. Similarly, in neat water, reac-
tion was carried out up to 20 min, then reaction mixture was 
centrifuged and filtrate was allowed to react up to 60 min. 
Reaction mixtures were analyzed by gas chromatogram 
(Table 3). No change in % conversion for Pd(0)-TPA/ZrO2 
indicates no leaching of palladium during the reaction and 
the catalyst is truly heterogeneous. While in the case of 
Pd(0)/ZrO2 the conversion increases even after removal of 
the catalyst, indicating the leaching of Pd from the catalyst. 
The leaching of palladium from the catalyst was also con-
firmed by carrying out EDX analysis of the used catalyst 
as well as the product mixtures by AAS. The analysis of 
the recycled Pd(0)-TPA/ZrO2 catalyst did not show appre-
ciable loss in the Pd content (0.39 wt%) as compared to 
the fresh catalyst (0.4 wt%). In the mixture whereas in case 
of Pd(0)/ZrO2, recycled catalyst showed appreciable loss in 
the Pd content (3.69 wt%) as compared to the fresh cata-
lyst (6.05 wt%). This study also indicates that TPA plays 
an important role in binding the palladium very strongly 
and thus does not allow the leaching of palladium into the 
reaction mixture, making it, a true heterogeneous catalyst to 
recycle and reuse.

The recovery and reusability of the catalyst is a key 
issue for the sustainability of any catalytic process. After 
completion of reaction, the organic layer was extracted by 
dichloromethane and the catalyst was recovered by simple 
centrifugation, washed with dichloromethane followed by 
water and then dried in oven at 100 °C for an hour and finally 

used for the next cycle. Results of recyclability for Pd(0)-
TPA/ZrO2 are shown in Table 4. As seen from results, the 
recycled catalyst did not show any appreciable change in the 
% conversion up to two cycles, indicating that the catalyst is 
stable and can be regenerated and reused. Here, the activity 
of the catalyst might be due to the stabilization of the Pd 
nanoparticles by POM.

In order to check the stability, the regenerated catalyst 
was characterized by elemental analysis (EDX), XPS, TEM, 
XRD and BET.

EDX values of Pd (0.46 wt%) and W (16.90 wt%) of 
regenerated Pd(0)-TPA/ZrO2 is in good agreement with 
values of fresh catalyst (16.87 wt% of W, 0.47 wt% of Pd) 
confirming no emission of TPA from  ZrO2. This indicates 
that TPA plays an important role as a stabilizer to keep the 
Pd(0) active and also prevent it to leach from the support.

The X-ray photoelectron spectrum of fresh and regener-
ated Pd(0)-TPA/ZrO2 is displayed in Fig. 9. The obtained 
spectrum is identical with fresh one confirms that Pd(0) spe-
cies are stabilized by TPA and catalyst is sustainable during 
the reaction. The presence of Pd(0) was further supported 
by TEM.

TEM images of the regenerated catalyst are displayed 
in Fig. 10. The SAED Fig. 10a shows the poorly crystal-
line nature of the catalyst whereas Fig. 10b, c shows the 
bright dark suspension, indicates the aggregate formation 
of the Pd(0) nanoparticles on the surface of the catalyst, as 
expected. Here, presence of formed aggregates in regener-
ated catalyst reveals the strong interaction of Pd(0) nanopar-
ticles with 12-Tungstophosphoric acid, which prevent the 
leaching of Pd(0) from the surface of the catalyst. It is very 
interesting to note down that that PXRD of the regenerated 
catalyst (Supplementary Fig. S6) still indicates that the cata-
lyst is amorphous, which may be due to the presence of very 
less amount of Pd(0) on the surface of the catalyst.

The drastic decrease in BET surface area of regener-
ated catalyst (104 m2  g−1) is as compare to that of fresh Table 3  Heterogeneity test

Reaction conditions: iodobenzene (1.96  mmol), phenylboronic acid 
(2.94  mmol),  K2CO3 (3.92  mmol), conc. of Pd(0) (0.0096  mol%), 
catalyst/substrate ratio (9.59E−5)
a C2H5OH:H2O (3:7) mL, 30 min, 80 °C
b H2O (6 mL), 1 h, 100 °C
c Aqueous medium
d Neat water

Catalyst % Conversion

Pd(0)/ZrO2
a,c 64 (after 10 min)

79 (after 30 min)
Pd-TPA/ZrO2

a,c 81 (after 10 min)
81 (after 30 min)

Pd(0)/ZrO2
b,d 49 (after 20 min)

64 (after 60 min)
Pd-TPA/ZrO2

b,d 75 (after 20 min)
74 (after 60 min)

Table 4  SM reaction with fresh and recycled catalyst

Reaction conditions: iodobenzene (1.96  mmol), phenylboronic acid 
(2.94  mmol),  K2CO3 (3.92  mmol), conc. of Pd(0) (0.0096  mol%), 
catalyst/substrate ratio (9.59E−5)
a C2H5OH:H2O (3:7) mL, 30 min, 80 °C
b H2O (6 mL), 1 h, 100 °C
c Aqueous medium
d Neat water

Catalyst %  Conversiona,c % 
 Conversionb,d

Fresh 99 89
Recyle-1 99 87
Recycle-2 98 88
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catalyst (204 m2 g−1) indicates that during the reaction 
Pd(0) nanoparticles undergo aggregate formation. This is 
an expected and known fact [36]. However, no change in 
nitrogen adsorption desorption isotherm (Fig. 11) as com-
pare to that of fresh catalyst indicates that surface phenom-
ena remains intact even after the completion of the reac-
tion. This result is in good agreement with TEM analysis.

Thus from the TEM and BET, it can be concluded that 
during the reaction, Pd(0) nanoparticles undergo aggregate 
formation without any change in basic structure. Though 
aggregation, regenerated catalyst shows constant activity 
up to two cycles confirming the role of TPA as mentioned 
above.

Under the optimized condition, the scope and limita-
tions of substrates were investigated by using different 
halobenzenes and phenylboronic acid (Table 5). Coupling 
of iodobenzene with phenylboronic acid gives higher con-
version compared to bromobenzene and chlorobenzene as 
expected, because iodide is a bulky group and easily get 
detached, making the reaction more feasible compared to 
bromide and chloride groups. The found reactivity order 
was Ph–I > Ph–Br > Ph–Cl. Presence of strongly electron 
donating group like –OH and –OCH3 are less favorable for 
the coupling reaction, though in the case of p-bromophe-
nol, high conversion was obtained in both the medium. This 
may be due to the complete solubility of the substrate in 

Fig. 9  XPS spectrum of Pd(0)-
TPA/ZrO2

Fig. 10  TEM images of Regen-
erated Pd(0)-TPA/ZrO2
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reaction medium at optimized temperature which facilitates 
the reaction. 100% conversion was obtained in the case of 
p-methoxyphenylboronic acid. This indicates the conversion 

of the reaction may be greatly dependent on halobenzene 
substrate. Substituted bromobenzene with strongly electron 
withdrawing group such as –NO2 facilitates the reaction, 
and hence p-bromonitrobenzene gives the 99% conversion in 
aqueous medium but almost negligible in neat water because 
of its low solubility. Similarly, p-bromoacetophenone gives 
the high conversion in aqueous medium due to the presence 
of moderate electron withdrawing group –COCH3 but shows 
low conversion in neat water may be due to its low solubility 
in water.

Catalytic activity of the present catalyst is also com-
pared with reported catalysts in aqueous medium (Table 6) 
as well as in neat water (Table 7) in terms of iodobenzene 
as one of the substrate. Li and co-workers [49], Hong and 
co-workers [50] and Bai and co-workers [51] reported the 
reaction in aqueous medium with high conversion but the 
catalyst amount was very high compared to the present work. 
Mirkhani et al. [52] also reported the reaction in aqueous 
medium with a low amount of catalyst but prolong time for 
the completion of the reaction compared to the present cata-
lytic system. Gholinejad et al. [53], Veisi and co-workers 

Fig. 11  Nitrogen adsorption desorption isotherms of a Pd(II)-TPA/
ZrO2 and b regenerated Pd(0)-TPA/ZrO2

Table 5  Substrate study

Reaction conditions: halobenzene (1.96 mmol), phenylboronic acid (2.94 mmol),  K2CO3 (3.92 mmol), conc. of Pd(0) (0.0096 mol%), catalyst/
substrate ratio (9.59E−5)
a C2H5OH:H2O (3:7) mL, 30 min, 80 °C
b H2O (6 mL), 1 h, 100 °C
c Isolated yield

R X R′ Product % Conversion

Aqueous  mediuma Neat  waterb

H I H Biphenyl 99
99c

89
89c

H Br H Biphenyl 8
98 (10 h)

10

H Cl H Biphenyl 1
86 (10 h)

7

OH Br H p-Hydroxybiphenyl 100
99c

98
97c

NO2 Br H p-Nitrobiphenyl 99
100c

4

COCH3 Br H p-Acetyl biphenyl 94
92c

48
45c
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[54] and Azadi and co-workers [55] have reported the reac-
tion in aqueous medium with high conversion but they 
required higher concentration of palladium.

Karimi et al. [56], Dutta and co-workers [57], Siril and 
co-workers [58], Yang et al. [59] and Dyson et al. [60] have 
reported the reaction in neat water with high conversion but 
required more time comparatively for the completion of the 
reaction. Sabounchei et al. [61] reported the reaction with 
high conversion and fewer time but used high concentration 
of Pd. Overall, the present catalytic system is superior to 
all the reported system in terms of concentration of Pd(0), 
0.0096 mol%, is required to run the reaction. Moreover, very 
high TOF is obtained than all the reported systems.

In the present work, we are also expecting the well-known 
mechanism, which involves oxidative addition, transmetala-
tion and reductive elimination [62]. During the oxidative 
addition and transmetalation steps, we could not isolate 
the Pd(II) species due to the high rate of the reaction. The 

steric and electronic characteristics of TPA are important for 
catalysis. In general, the oxidative addition is governed by 
electronic factors, whereas the transmetalation and reductive 
elimination processes are controlled by a mixture of both 
electronic and steric effect [63]. Thus, TPA would achieve a 
suitable balance between these two factors.

4  Conclusions

Here, we have first time reported very simple method for the 
synthesis of stabilized Pd(0) nanoparticles using 12-tung-
stophosphoric acid supported on to zirconia. Studies also 
reveal that TPA plays an important role to stabilize and pre-
vent the leaching of Pd(0) nanoparticles during the reaction. 
It is also interesting to note down that very small amount 
of palladium has great potential to tolerate high amount of 
substrates under the identical experimental condition for 

Table 6  Comparison of catalytic activity with reported catalyst in aqueous medium with respect to iodobenzene

a For five times scale up

Catalyst Active amount of 
Pd (mol%)

Solvent Temp. (°C)/time (h) % Conversion TON/TOF  (h−1)

PdCl2(py)2@SHS [49] 0.0188 C2H5OH:H2O
(3:2) mL

60/0.17 96 5211/30,650

Pd-ScBTC NMOFs [50] 0.5 C2H5OH:H2O
(1:1) mL

40/0.5 99 194/388

Pd/C [51] 0.37 C2H5OH:H2O
(1:1) mL

40/0.5 99 268/535

Pdnp-nSTDP [52] 0.006 DMF:H2O
(1:3) mL

RT/2 95 15,834/7917

Magnetic nanoparticle supported 
oxime palladacycle catalyst [53]

0.3 C2H5OH:H2O
(1:1) mL

RT/0.3 95 317/1057

Fe3O4/Ethyl-CN/Pd [54] 0.2 C2H5OH:H2O
(1:1) mL

RT/0.2 98 49/245

G-BI-Pd [55] 0.45 C2H5OH:H2O
(1:1) mL

80/0.084 98 219/2613

Pd(0)-TPA/ZrO2
(Present catalyst)

0.0096 C2H5OH:H2O
(3:7) mL

80/0.5 99 10,321/20,642
48,497/96,958a

Table 7  Comparison of 
catalytic activity with reported 
catalyst in neat water with 
respect to iodobenzene

a For five times scale up

Catalyst Active amount of 
Pd (mol%)

Temp. (°C)/
time (h)

% Conversion TON/TOF  (h−1)

Mag-IL-Pd [56] 0.025 60/6 95 3798/633
Pd0-Mont [57] 0.07 60/1 90 341/341
Pd-PANI [58] 0.01 90/4 86 8600/2150
Pd/PdO [59] 0.1 90/4 99 992/248
Pd-NP-PIL [60] 1.7 100/4 98 56/14
{[Ph2PCH2PPh2-CH=C(O)

(C10H7)]PdCl2} [61]
0.134 80/0.34 93 712/2093

Pd(0)-TPA/ZrO2
(Present catalyst)

0.0096 100/1 89 9383/9383
46,394/46,394a
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practically large scale biphenyl production with high turn-
over frequency (TOF in aqueous medium 96,958 h−1 and 
46,390 h−1 in neat water). We believe that the proposed syn-
thesis method of the catalyst can be extended to synthesize 
other precious metal nanoparticles as well as applicability 
in other C–C coupling reactions in future.
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