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Abstract
This work reports a facial way to synthesize of an efficient catalyst based Ni–Pd alloy nanoparticles which supported on 
a new bio-inspired hierarchical porous silica and its catalytic activity in the one-pot Suzuki–Miyaura cross coupling-nitro 
reduction. The synthesized catalyst was fully characterized by FT-IR, XRD, FESEM–EDX, elemental mapping, TEM, ICP-
AES,  N2 adsorption–desorption, DRS–UV–Vis and XPS techniques. Use of inexpensive catalyst, high yields of the products 
and reusability of the catalyst are some of the advantages of our procedure.
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1 Introduction

Among various noble metal nanoparticles (NPs), palladium 
NPs are widely used as a catalyst in many important organic 
reactions, owing to high activity, small size and high surface 
area. However, the limited sources and high price of these 
NPs were prevented from their practical applications. There 
are many effective strategies to break these barriers, which 
one of them is the minimum usage of Pd NPs through the 
combining of inexpensive transition metals like Ni, Fe, Co 
and Cu into Pd to form alloys [1–3]. Lattice strain, local 
coordination environmental and electronic effects between 
the second metal and Pd NPs can appear the special proper-
ties in alloys [4]. Among various inexpensive transition met-
als, Ni has attracted many research attentions in order to be 
alloyed with Pd. Many studies have shown that the addition 
of Ni into Pd enhance its catalytic activity in comparison 
with the pure Pd, due to the synergistic effect between Pd 
and Ni [5, 6]. Another alternative approach is increasing the 
specific surface area via immobilizing of Pd NPs on the spe-
cial supports such as porous silica [7], carbon nanotube [8] 
and graphene [9]. It is important to note that, using of sup-
ports make catalysts more stable and possible to reuse them 
for several times. In this regards, if we can design suitable 
support for Pd NPs, the catalytic performance and stability 
of them will be extremely improved in organic reactions.

Biological templates are very important for the synthesis 
of biomimetic and bioinspired materials with novel struc-
tures. Many biological materials such as plant leaves and 
roots, viruses, bacteria cells, diatoms, eggshells, sea urchins, 
spider silks, wood, fibers, pollens, and insects have been 
used for the synthesis of biomimetic materials [10, 11]. 
These materials with various morphologies were used in 
different application such as preparation of catalysts [12], 
gas sensors [13], solar cells and electrodes for batteries [14].

Luffa cylindrica sponge is a tropical and subtropi-
cal climber vine plant from the family of Cucurbitaceae. 
Recently, Luffa has attracted tremendous research atten-
tion because of the special properties including abundancy, 
low cost, low density, environmentally benign and unique 
structure. This sponge has the netting-like fibrous vascular 
systems. These systems are constructed from the continu-
ous micro and mesochannels which form a hierarchical pore 
structure. The different size of these channels is related to 
their growing areas. Many studies on Luffa have presented 
that it can be used as water absorption [15], composite mate-
rials [16], scaffolds for tissue engineering [17], supercapaci-
tor or battery [18], wastewater usage [19], fuel cells [20], 
matrix, reinforcement and catalytic reactor [21, 22].

Aromatic amines especially aminobiphenyls are a very 
important class of organic compounds due to extensive 
applications in dyes [23], medicine [24] and catalysts [25]. 
Numerous methods exist for the preparation of aminobi-
phenyls, which the most common method is involving two 
steps: the first step is the preparation of nitrobiphenyls from 
the Suzuki–Miyaura reaction between nitro aryl halides and 
phenylboronic acids in the presence of Pd catalysts, and the 
second step is the reduction of nitrobiphenyls to aminobi-
phenyls by using of hydrogen gas [26] or reducing agents 
such as sodium borohydride [27, 28], silanes [29], formats 
[30] and hydrazine hydrate [31–33]. It is noteworthy that, the 
preparation of aminobiphenyls from the coupling reaction 
of amino aryl halides is not popular because the aryl hal-
ides with electron donating group have a difficult oxidative 
addition step [34]. There are some reports, about the syn-
thesis of aminobiphenyls via the one-pot Suzuki–Miyaura 
cross coupling-nitro reduction by conventional and micro-
wave heating [35–38]. Although these reports provide an 
improvement but there are some disadvantages such as high 
temperatures, expensive catalysts, long reaction times and 
high amount of catalysts.

In this work, we introduce a simple process for the prepa-
ration of a novel hierarchical porous silica using Luffa as a 
biotemplate (BIHPS). The synthesized hierarchical porous 
silica was used as a suitable support for Ni–Pd alloy NPs. 
Then, we report a facial method for the synthesis of amino-
biphenyls in the presence of  Ni7–Pd3@BIHPS contain-
ing 0.19 mol% Pd and 0.43 mol% Ni through the one-pot 
Suzuki–Miyaura coupling-nitro reduction by conventional 
heating. Also, in this work hydrazine hydrate was used as an 
environmentally friendly reducing agent in order to reduc-
tion of nitro groups because of producing water and nitrogen 
as by-products.

2  Experimental Section

2.1  Reagents and Instrumentation

The Luffa sponge used in this work were collected from the 
Guilan privacy in northern Iran. All chemicals were pur-
chased from Aldrich, Fluka and Merck in high purity. The 
purity of the substrates and products were monitored by thin 
layer chromatography (TLC) on 60 F254 silica gel plates.

Fourier-transform infrared spectra (FTIR) were carried 
out on Perkin Elmer RX1 in KBr matrix. X-ray powder 
diffractions (XRD) were recorded on a PHILIPS PW1730 
X-ray diffractometer using Ni-filtered Cu-Kα radiation 
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(λ = 0.15418 nm). Field emission scanning electron micros-
copy (FESEM) was performed on a TESCAN MIRA instru-
ment. Transmission electron microscopy (HRTEM) using a 
JEOL, JEM-2100F, 200 kV TEM. The pore size and specific 
surface areas studies by Brunauer–Emmett–Teller (BET) 
theories were carried out using nitrogen adsorption–des-
orption measurement at liquid nitrogen temperature on an 
SBELSORP MINI instrument. X-ray photoelectron spec-
troscopy (XPS) measurements were carried out on a Thermo 
Scientific, ESCALAB 250Xi Mg X-ray resource. Diffuse 
reflectance spectra (DRS) were performed on a Scinco 4100 
apparatus. Nickel and palladium concentrations of samples 
were determined by ICP-AES Arcos EOP. 1HNMR and 
13CNMR spectra of the products were recorded by a Bruker 
Advanced 300 spectrometer.

2.2  Preparation of Bio‑inspired Hierarchical Porous 
Silica (BIHPS)

Luffa cylindrica fruits were collected, peeled off, washed 
several times with distilled water to remove the dirt and dust 
particles and dried in air for 3 days. The chemical composi-
tion analysis showed that the components of this sponge are 
cellulose 56.10%, lignin 11.88% and hemicellulose 29.91% 
(Table S1). In order to increase the surface area and pore 
volume of Luffa, removal of lignin and hemicellulose are 
necessary through alkalization (KOH) treatment. After 
smashing and sieving (60 mesh size), the obtained pow-
der was immersed in an alkaline solution of KOH (11 g of 
powder in 100 mL of 8 M KOH) for 24 h at 80 °C. Then 
the mixture was filtered and washed sequentially with water 
and kept at 100 °C for overnight. In order to the replica-
tion process using a sol–gel method, 1 g of KOH-treated 
Luffa was dispersed in 30 mL deionized water and stirred 
for 20 min. Then, tetraethylorthosilicate (3.5 g, 16.8 mmol) 
was added. The sol–gel process was carried out under vig-
orously stirring for 48 h at room temperature and kept at 
romp temperature for 72 h. The resultant gel was filtered 
and washed with deionized water and dried under vacuum 
at 60 °C for 24 h. Finally, for removing of Luffa template, 
the sample was calcined at 550 °C for 6 h and BIHPS as a 
white powder was synthesized. It is important to note that, in 
the synthesis process of BIHPS, we used both KOH treated 
Luffa and raw Luffa (Luffa without KOH treated), separately. 
 N2 adsorption–desorption was carried out for both prepared 
BIHPS for comparison, and the results showed that the pore 
volume and surface area of BIHPS which synthesized using 
of KOH treated Luffa is higher than the other one (Fig. S1 
and Table S2). So, we continued the synthesis of catalysts 
in this work by using of KOH treated luffa.

2.3  Preparation of Ni–Pd Alloy NPs Supported 
on Bio‑inspired Hierarchical Porous Silica  (Ni7–
Pd3@BIHPS)

At first, an aqueous solution of  NiCl2 (0.0026 g in 3.0 mL 
water) and BIHPS (0.1 g in 5.0 mL water) were mixed for 
20 min. Then, an aqueous solution of  PdCl2 (0.0017 g in 
3.0 mL water) was added and stirred for 5 h at room tem-
perature. The obtained solution was placed in an ultrasonic 
bath (25 kHz) for 15 min. After sonication, an aqueous solu-
tion of  NaBH4 (0.1 M, 5.0 mL) was injected dropwise to the 
mixture along 2 h at 60 °C and the suspension was stirred 
for extra 4 h. Finally, the catalyst was filtered, washed with 
water and methanol and dried at 70 °C for 5 h (Scheme 1). 
ICP-AES estimated 0.066 mmol g−1 Pd and 0.145 mmol g−1 
Ni content of  Ni6.9–Pd3.1@BIHPS.

2.4  Preparation of Aminobiphenyls in the Presence 
of  Ni7–Pd3@BIHPS

Aryl halide (1.0 mmol), phenylboronic acid (1.1 mmol), 
 K2CO3 (2.0 mmol),  Ni7–Pd3@BIHPS (0.03 g) and  H2O/
DMF (2:1, 3 mL) were mixed and heated at 80 °C for an 
appropriate time (monitored by TLC). Then, hydrazine 
hydrate (80 wt%, 6 eq) was added to the reaction vessel. 
After completion of the reduction process, the mixture 
was filtered and washed with water. The organic layer was 
extracted with ethyl acetate (3 × 15 mL) and dried over 
 MgSO4. Then the organic solution was concentrated and 
purified by column chromatography to obtain the final 
product.

3  Results and Discussion

3.1  Characterization of  Ni7–Pd3@BIHPS

The FT-IR spectra of Luffa, BIHPS, and  Ni7–Pd3@BIHPS 
are presented in Fig. 1. For Luffa, the peaks at 3421 and 
1645  cm−1 are related to the surface OH groups and 
absorbed water. Also, the peaks at 2921 and 1740 cm−1 
are attributed to the C–H and C=O stretching, respectively. 
The peaks at 1502, 1433 and 1347 cm−1 correspond to the 
CH,  CH3 and  CH2 groups and the peak at 1058 cm−1 cor-
responds to the C–O–C stretching [39]. For BIHPS, the 
observed peaks at 3464 and 1645 cm−1 are attributed to the 
stretching and bending vibration of O–H group of adsorbed 
water on the surface of BIHPS like Luffa. The peaks at 1085, 
801 and 471 cm−1 are related to the Si–O–Si and Si–OH 
stretching, which confirms the formation of condensed silica 
support [40]. Moreover, other peaks related to luffa can-
not be seen in BIHPS, which means that luffa template is 
successfully removed. The FT-IR spectrum of  Ni7–Pd3@



 S. S. Beigbaghlou et al.

1 3

BIHPS presented the same bonds of pristine BIHPS only 
with decreasing the intensity of O–H peaks at 3430 cm−1, 
which can be related to the grafting of Ni–Pd alloy NPs onto 
the BIHPS surface [41].

The  N2 adsorption–desorption isotherms and BJH pore 
size distribution plots of BIHPS and  Ni7–Pd3@BIHPS are 
depicted in Fig. 2. Also, the porosity parameters and spe-
cific surface area for these samples are listed in Table 1. 
As shown in Fig. 2a, BIHPS exhibited type IV isotherms 
with hysteresis in the p/p0 at 0.4–1.0, which is related to the 
mesopores structure [42]. According to Table 1, the spe-
cific surface area, pore volume and pore size of BIHPS are 
336 m2 g−1, 0.77 cm3 g−1 and 9.1 nm, respectively. In spite 
of the mesoporous structure, MP-plot and t-plot showed 
the existence of microporous in the structure of BIHPS 
(Table 1). These results confirmed the formation of hierar-
chical microporous–mesoporous silica with a high surface 
area. As it can be seen in Fig. 2c,  Ni7–Pd3@BIHPS revealed 
type IV isotherms, which is related to the mesopores struc-
ture like BIHPS. In comparison with BIHPS, the specific 
surface area, pore volume and pore size of  Ni7–Pd3@
BIHPS are decreased to 80  m2  g−1, 0.12  cm3  g−1, and 
8.1 nm, respectively, which are confirmed that Ni–Pd alloy 
NPs are dispersed on the outer surface and inside the pores 
of BIHPS [43]. Also, the MP-plot and t-plot of  Ni7–Pd3@
BIHPS showed the presence of microporous structures after 
the incorporation of Ni–Pd NPs (Table 1).

The XRD of Pd@BIHPS, Ni@BIHPS,  Ni7–Pd3@BIHPS 
and BIHPS were shown in Fig. 3. The XRD of Pd@BIHPS 
and Ni@BIHPS are used for comparison. For all samples, a 
broad peak has appeared at 21.4°, which corresponds to the 
amorphous silica. For Pd@BIHPS, the peaks at 2θ values 
of 39.9°, 46.8° and 68.2° were related to the (111), (200) 
and (220) diffraction planes of fcc crystalline structure of 
Pd. The XRD pattern of Ni@BIHPS didn’t show any clear 
peaks for Ni, which can be related to the small size and 
amorphous nature of Ni NPs. XRD pattern of  Ni7–Pd3@
BIHPS shows a slight shift in (111) diffraction peak of Pd 
towards higher angel (40.6°) and also the intensity of this 
peak decreased as compared to Pd@BIHPS. These results 
indicate the incorporation of Ni and Pd in the same lattice 
and also, the formation of NiPd alloy [2]. The average size 
of Ni–Pd alloy NPs is 8.04 nm, which is calculated from the 
(111) diffraction peak of  Ni7–Pd3@BIHPS using Scherrer’s 
equation [44].

The FESEM images of Luffa are presented in Fig. S2, 
which show the fibrous structure with hollow channels for 
Luffa. It is notable that these hollow channels play a spe-
cific role in the efficient loading of metal NPs. The FESEM 
images of BIHPS, and  Ni7–Pd3@BIHPS are presented in 
Fig. 4. The images of BIHPS exhibit the vascular structure, 
which is in agreement with the luffa structure and this also 
confirms that the replication process has been carried out 
successfully using sol–gel method (Fig. 4a, b). The images 
of  Ni7–Pd3@BIHPS show that the cylindrical structure of 
BIHPS is well reserved after the incorporation of Ni–Pd 
NPs. Also, the surface of  Ni7–Pd3@BIHPS seems to be 
rough compared with BIHPS (Fig. 4c, d). Furthermore, 
the FESEM-mapping of  Ni7–Pd3@BIHPS was carried out 
to reveal the dispersion of Pd and Ni NPs on the surface 
(Fig. 4e). These images show that Ni–Pd NPs dispersed uni-
formly on the surface of BIHPS in the randomly selected 
area, which confirms the formation of Ni–Pd alloy NPs. 
Also, the FESEM–EDX analyze of  Ni7–Pd3@BIHPS was 
carried out to identify the elemental composition for the 
same selected area of surface (Fig. 4f). The outcomes con-
firmed the distribution of Ni, Pd, Si and O elements on the 
surface of this catalyst. Based on the EDX results, the Ni/

Scheme 1  Synthesis of Ni–
Pd@BIHPS

Fig. 1  FT-IR spectra of (a) Luffa, (b) BIHPS and (c)  Ni7–Pd3@
BIHPS
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Pd atomic ratio was calculated 0.46, which is lower than the 
ICP-AES value of 2.19. This difference can be attributed to 
the main distribution of Pd on the outer surface of  Ni7–Pd3@
BIHPS. Also, it should be mentioned that EDX analysis is a 
qualitative method not a quantitative one. Therefore, EDX 
analysis is not a reliable method to determine the percent of 
elements and we trust in ICP results.

TEM images of  Ni7–Pd3@BIHPS represented in Fig. 5a. 
As it can be seen, Ni–Pd NPs have appeared as black dots, 
and also it is clear that these NPs have been well-dispersed 
onto the BIHPS, but in some where low agglomeration is 
observed. The HRTEM images displayed the lactic distance 
of 0.241 nm for alloyed Ni–Pd, which corresponding to the 
fcc crystalline structure (Fig. 5b, c). Also, the histogram 
of Ni–Pd size distribution is presented in Fig. 5d, which is 
exhibited that the average size distribution of NPs is 7–9 nm 
in  Ni7–Pd3@BIHPS. This average size is in agreement with 
the obtained size from XRD.

The DRS UV–vis spectra of  Ni7
2+–Pd3

2+@BIHPS, 
 Ni7–Pd3@BIHPS, and BIHPS are presented in Fig. S3. 
According to the results reported in the literature, the peaks 
of  Pd2+ and  Ni2+ appear at 312, 392 nm and 368, 576 nm, 
respectively [45]. In  Ni72+–Pd3

2+@BIHPS, the peaks of  Ni2+ 
and  Pd2+ were overlapped with the BIHPS peaks and showed 
the broad peak from 311 to 398 nm, and only the peak of 
 Ni2+ at 576 nm has been obviously appeared. As shown in 
Fig. S2, the  Ni7–Pd3@BIHPS and BIHPS spectra are almost 

Fig. 2  a  N2 adsorption–desorption isotherms of BIHPS, b BJH pore 
size of BIHPS, c  N2 adsorption–desorption isotherms of  Ni7–Pd3@
BIHPS and d BJH pore size of  Ni7–Pd3@BIHPS

Table 1  Physicochemical 
parameters of BIHPS and  Ni7–
Pd3@BIHPS obtained from  N2 
adsorption–desorption

a Calculated by BET method
b Mean pore diameter determined using BJH method
c Calculated by MP-plot method

Sample Smesopore
a 

 (m2 g−1)
Vmesopore

a 
 (cm3 g−1)

Dmesopore
b (nm) Smicropore

c 
 (m2 g−1)

Vmicropore
c 

 (cm3 g−1)
Dmicropore

c 
(nm)

BIHPS 336 0.77 9.1 419 0.19 2
Ni7–Pd3@BIHPS 80 0.12 8.1 59 0.05 2

Fig. 3  XRD patterns of (a) BIHPS, (b)  Ni7–Pd3@BIHPS, (c) Ni@
BIHPS and (d) Pd@BIHPS
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Fig. 4  a, b FESEM images of 
BIHPS, c, d FESEM images of 
 Ni7–Pd3@BIHPS, e FESEM-
mapping of  Ni7–Pd3@BIHPS 
and f FESEM–EDX analyze of 
 Ni7–Pd3@BIHPS
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identical and the absence of the peak at 576 nm in  Ni7–Pd3@
BIHPS indicates that  Ni2+ and  Pd2+ species are reduced to 
Ni and Pd NPs.

X-ray photoelectron spectroscopy (XPS) was carried out 
for surface compositional studies of  Ni7–Pd3@BIHPS. The 
wide-survey XPS spectra of  Ni7–Pd3@BIHPS displayed 
peaks of silicon, carbon, oxygen, palladium, and nickel (Fig. 
S4). The high resolution spectra of Si and O are depicted in 
Figs. S5 and S6, respectively. The peak of Si 2p is revealed 
at 103.34 eV, which confirms the formation of  SiO2 (Fig. S5) 
[46]. Meanwhile, the O 1S peak at 532.95 was originated 
because of the Si–O bond and a small peak at 530.95 eV is 
related to  O2−, which can be originated from the bonding of 
the metal oxides (Fig. S6) [47]. The high resolution spectra 
of Pd and Ni are presented in Fig. 6a, b, respectively. As 
seen in Fig. 6a, the high resolution spectra of Pd exhibit four 
peaks at 335.31, 336.33, 340.58 and 341.48 eV. The peaks 
at 335.31 and 340.58 eV were corresponded to  3d5/2 and 
 3d3/2 of metallic Pd, while the binding energies at 336.33 

and 341.48 eV related to  3d5/2 and  3d3/2 of  Pd2+, respectively 
[8, 48]. These results indicate that the reduction of  Pd2+ has 
been successfully done. Also, the binding energy of Pd 3d 
in  Ni7–Pd3@BIHPS appeared in higher binding energy than 
the standard Pd, which can be attributed to the existence of 
Ni with high d-bond vacancies in the Pd lattice and also 
the electron-withdrawing effects from Pd in Ni–Pd alloy [6, 
44]. As shown in Fig. 6b, the high resolution spectra of Ni 
exhibited a broad peak at 853.78 eV, which can be assigned 
to metallic Ni. It is notable that this peak is depicted in high 
binding energy compared to standard binding energy. Also, 
the peaks at 856.42 and 874.38 eV were ascribed to  Ni2+ 
 2p3/2 and  Ni2+  2p1/2, respectively [6]. Furthermore,  2p3/2 sat-
ellite and  2p1/2 satellite of  Ni2+ appeared at 862.28, 862.28 
and 879.88 eV [49]. It is notable that the appearance of  Ni2+ 
and  Pd2+ in XPS spectrum is due to the air oxidation of sub-
surface Ni and Pd atoms during the analyze [50].

3.2  Catalytic Activity

After fabrication and characterization of BIHPS, it was 
used as support for Ni–Pd alloy NPs. The supported Ni–Pd 

Fig. 5  a TEM images of  Ni7–
Pd3@BIHPS, b, c HRTEM 
images of  Ni7–Pd3@BIHPS 
and d corresponding histogram 
of size distribution of nanopar-
ticles
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was used as a promoter in the synthesis of aminobiphenyls 
from the one-pot Suzuki coupling-nitro reduction reaction. 
For optimization of the reaction conditions, we selected the 
model reaction involving 1-iodo-3-nitrobenzene and phe-
nylboronic acid for surveying the effect of different param-
eters to find the optimum conditions (Table 2).

Without the use of the catalyst, no product was observed 
in  H2O/DMF mixture solvent and  K2CO3 base at 100 °C 
(Table  2, entry 1). Also, the reaction in the presence 
of BIHPS without NiPd NPs, no product was observed 
(Table 2, entry 2). But, with use of Pd@BIHPS, 3-amin-
obiphenyl was isolated about 48% (Table 2, entry 3). To 
improve the catalytic activity, we investigated the effect 
of Ni on Pd with the different molar ratio (Table 2, entry 
4–6). With the use of Ni@BIHPS without Pd, the corre-
sponded product was gained about 5% (Table 2, entry 7). 
The best yield of the product was gained when we used 
Ni–Pd with 7:3 molar ratio (Table 2, entry 4). The better 

catalytic activity of Ni–Pd alloy than the Pd may be related 
to the synergistic effects of the individual components. 
Also, with increasing the total amount of metals from 0.02 
to 0.03 mmol, 3-aminobiphenyl was isolated approximately 
92% (Table 2, entry 8). Also, the effect of different solvents 
was investigated in this reaction (Table 2, entry 8–13). These 
result confirmed that we gained the high yield of the product 
by using  H2O/DMF (2:1). Among various bases,  K2CO3 as 
a weak base showed the best result in this protocol (Table 2, 
entry 8). With decreasing the temperature to 80 °C the yield 
of products remained constant, but further decreasing of 
temperature to 70 °C lead to decrease in yield (Table 2, entry 
18–19). Therefore, the best temperature was chosen 80 °C. 
For the reduction of 3-nitrobiphenyl to 3-aminobiphenyl, we 
used 6 eq of hydrazine hydrate as a hydrogen source. With 
decreasing the amount of hydrazine hydrate from 6 to 4 eq, 
the yield of the product was decreased (Table 2, entry 20).

To optimize the amount of  Ni7–Pd3@BIHPS, we changed 
the amount of the catalyst from 30 to 20 mg and 40 mg in 
the model reaction under optimal conditions (Fig. 7). The 
results showed that decreasing of the catalyst amount caused 
to 53% product in 180 min, and the high amount of catalyst 
had no any considerable effect on the yield and time. Based 
on these results, we selected 30 mg of  Ni7–Pd3@BIHPS as 
the optimal amount of the catalyst.

Under the optimal conditions, a variety of aryl boronic 
acid and aryl halides with nitro groups were reacted 
(Table 3). It was seen that the reaction of the phenylboronic 
acid with 1-iodo-3-nitrobenzene is faster than 1-bromo-
3-nitrobenzene (Table 3, entry 1–2). Also, reaction with 
1-chloro-3-nitrobenzene gave the product in 54% yield after 
12 h (Table 3, entry 3). In general, phenylboronic acid with 
electron-donating groups afforded high yields of the prod-
ucts at slightly lower time compared to electron-withdrawing 
groups. As shown in Table 3, entry 6, 1-iodo-2-methyl-4-ni-
trobenzene as a sterically hindered substrate afforded the 
corresponding product in 82% yields at 5.5 h. Furthermore, 
2-chloropyridine as a heteroaryl halide reacted with 3-nitro-
phenylboronic acid and produced the desired amine in 78% 
at 9 h (Table 3, entry 13).

Scheme 2 illustrates the possible mechanism of the reac-
tion. At first, Pd-complex (A) generates via the oxidative 
addition of aryl hailed to the Pd (0). Then, during trans-
metalation between A and activated phenylboronic acid by 
 K2CO3, organopalladium (B) obtains. Reductive elimination 
of B gives the final coupled product (C) and regenerates the 
catalyst for the next catalytic cycle [34]. For the reduction 
step, hydrazine hydrate was decomposed in the presence of 
 Ni7–Pd3@BIHPS, which produced hydrogen and nitrogen. 
Then, nitrobiphenyls was converted to aminobiphenyls using 
the produced hydrogen [51].

Fig. 6  a High resolution XPS spectra of Pd in  Ni7–Pd3@BIHPS and 
b high resolution XPS spectra of Ni in  Ni7–Pd3@BIHPS
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In order to prove this mechanism, the coupling reac-
tion between 1-iodo-2-methyl-4-nitrobenzene and phenyl 
boronic acid was carried out. Then, before the adding of 
hydrazine hydrate, the product was isolated and studied 
by 1HNMR. Also, the 1HNMR of the product gained from 
tandem cross coupling-nitro reduction was also reported in 
below. Comparison of these results proved the rationality of 
this mechanism.

2-Methyl-4-nitro-1,1′-biphenyl: 1HNMR (300  MHz, 
CDCl3, ppm): 8.15 (s, 1H, Ar–H), 8.08 (d, 1H, J = 9 Hz, 
Ar–H), 7.54–7.41 (m, 3H, Ar–H), 7.37 (d, 1H, J = 9 Hz, 
Ar–H), 7.32–7.28 (m, 2H, Ar–H), 2.36 (s, 3H, CH3).

2-Methyl-[1,1′-biphenyl]-4-amine: 1HNMR (300 MHz, 
CDCl3, ppm): 7.40–7.35 (m, 2H, Ar–H), 7.31–7.23 (m, 3H, 
Ar–H), 7.05 (d, 1H, J = 9 Hz, Ar–H), 6.64 (d, 2H, J = 9 Hz, 
Ar–H), 3.80 (s, 2H,  NH2), 2.31 (s, 3H, CH3).

Table 2  Optimization conditions for Ni–Pd@BIHPS catalyzed one-pot Suzuki–Miyaura cross coupling-nitro reduction between 1-iodo-3-ni-
trobenzene and phenylboronic acid

Reaction conditions: 1-iodo-3-nitrobenzene (1.0  mmol), phenylboronic acid (1.1  mmol), solvent (3.0  mL), base (2.0  mmol), Ni–Pd@BIHPS 
(30 mg) and time (120 min)
a Isolated yields
b BIHPS without NiPd NPs

Entry Ni:Pd molar ratio in 
0.1 g BIHPS

Total amount of metals 
(mmol) in 0.1 g BIHPS

Solvent Base T (°C) N2H4·H2O 
(equiv.)

Yield (%)a

1 None None H2O/DMF (2:1) K2CO3 100 0 0
2 Noneb None H2O/DMF (2:1) K2CO3 100 0 0
3 0:10 0.02 H2O/DMF (2:1) K2CO3 100 6 48
4 7:3 0.02 H2O/DMF (2:1) K2CO3 100 6 68
5 9:1 0.02 H2O/DMF (2:1) K2CO3 100 6 35
6 8:2 0.02 H2O/DMF (2:1) K2CO3 100 6 50
7 10:0 0.02 H2O/DMF (2:1) K2CO3 100 6 5
8 7:3 0.03 H2O/DMF (2:1) K2CO3 100 6 92
9 7:3 0.03 H2O K2CO3 100 6 51
10 7:3 0.03 EtOH K2CO3 100 6 50
11 7:3 0.03 H2O/EtOH (2:1) K2CO3 100 6 75
12 7:3 0.03 Dioxane K2CO3 100 6 20
13 7:3 0.03 DMF K2CO3 100 6 58
14 7:3 0.03 H2O/DMF (2:1) Et3N 100 6 20
15 7:3 0.03 H2O/DMF (2:1) KOH 100 6 42
16 7:3 0.03 H2O/DMF (2:1) Cs2CO3 100 6 50
17 7:3 0.03 H2O/DMF (2:1) NaHCO3 100 6 46
18 7:3 0.03 H2O/DMF (2:1) K2CO3 80 6 91
19 7:3 0.03 H2O/DMF (2:1) K2CO3 70 6 80
20 7:3 0.03 H2O/DMF (2:1) K2CO3 80 4 75

Fig. 7  Optimization of catalyst loading [reaction condition: 1-iodo-
3-nitrobenzene (1.0 mmol), phenyl boronic acid (1.1 mmol),  K2CO3 
(2 mmol) in  H2O/DMF (2:1) at 80 °C and catalyst  (Ni7–Pd3@BIHPS)]
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Table 3  Ni7–Pd3@BIHPS-catalyzed one-pot Suzuki–Miyaura cross coupling nitro reduction of different aryl halides and phenyl boronic acids

Entry Aryl halides Arylboronic acid Product
Time 

(h)

Yield

(%)a

1 2 91

2 5 85

3 12 54

4 2.5 90

5 1.5 90

6 5.5 82

7 1.5 92

8 6 80

9 3.5 87

10 3.5 80

11 3 84

12 6.5 82

13 9 78
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In order to determine the heterogeneity nature of the 
catalyst, two separate coupling reactions were carried out 
between 1-iodo-3-nitrobenzene and phenylboronic acid in 
the presence of  Ni7–Pd3@BIHPS under optimal condition. 
The first reaction was stopped after 10 min and filtered, then 
the reaction was continued with the filtrated for an extra 3 h, 

then the coupling product was isolated. The second reac-
tion was also stopped after 10 min and the product was also 
isolated. The outcomes revealed that in both reactions, the 
cross-coupling products were obtained in the same yields 
(58%). The results of these two experiments confirmed 
that the reactions proceed on the heterogeneous surface of 

Reaction conditions: phenylboronic acid (1.1  mmol), aryl halide (1.0  mmol),  H2O/DMF (2:1),  K2CO3 
(2.0 mmol),  N2H4.H2O (6 eq),  Ni7–Pd3@BIHPS (30 mg) at 80 °C
a Isolated yields

Table 3  (continued)

Scheme 2  Proposed mechanism
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 Ni7–Pd3@BIHPS [52]. Based on the obtained results from 
the heterogeneity experiment, we decided to explore the 
reusability of the catalyst (Fig. 8). For this propose, after 
completion of the reaction between 1-iodo-3-nitrobenzene 
and phenylboronic acid followed by reduction, the catalyst 
was separated by centrifugation and washed with water 
(15 mL) and acetone (10 mL), then dried at 80 °C for 3 h and 
reused for next cycle. It was notable that  Ni7–Pd3@BIHPS 
was reused for six times without significant decreases in its 
catalytic activity. Also, ICP-AES estimated 0.0654 mmol g−1 
Pd and 0.1434 mmol g−1 Ni content of used catalyst after 
five runs, which exhibited only 0.9 and 1.1% leaching for 
Pd and Ni, respectively (Table S3). The decline in recycle 
activity of the catalyst probably could be related to the very 
low leaching of Pd–Ni NPs from support (0.9% Pd, 1.1% Ni) 
or aggregations of nanoparticles on the surface [9].

XRD pattern of the reused catalyst exhibited the existence 
of Ni–Pd alloyed NPs on the surface of BIHPS after fifth run 
(Fig. S7). Moreover, the FESEM images of reused catalyst 
showed that the structure of the fresh catalyst is preserved 
even after fifth run (Fig. S8). Also, FESEM-mapping and 
FESEM–EDX of the catalyst after the fifth times showed 
the good dispersion of Pd and Ni NPs on the surface (Fig. 
S9a, b).

To illustrate the efficiency of our synthesized support 
(BIHPS) in the synthesis of 4-aminobiphenyl, Table 4 com-
pares our result with some carbon and silica beds.

4  Conclusion

In summary, Luffa sponge was used as an inexpensive 
biotemplate for the synthesis of a new bio-inspired hier-
archical porous silica support (BIHPS). BIHPS exhibited 
high potential to immobilizing of Ni–Pd alloy NPs. The 
synergistic effect between Ni and Pd in  Ni7–Pd3@BIHPS 
revealed the excellent catalytic activity in the one-pot 
Suzuki–Miyaura coupling-nitro reduction reaction, com-
pared to each metal alone. This catalyst also showed high 
stability after six runs. Use of low amount of Pd, short reac-
tion times, high yields of the products, heterogeneous nature 
of the reaction, reusability of the catalyst are some unique 
features of this catalyst. Scientifically, the synthesized sup-
port can also be used for immobilizing of other alloy NPs 
such as Au–Pd, Pd–Ag due to owing the high surface area 
and hierarchical structure.

Acknowledgements The authors would like to acknowledge financial 
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Fig. 8  Reusability of catalyst (reaction condition: 1-iodo-3-ni-
trobenzene (1.0 mmol), phenyl boronic acid (1.1 mmol) and  K2CO3 
(2 mmol) in  H2O/DMF (2:1) at 80 °C and  N2H4·H2O 80% (6 eq))

Table 4  Comparison of the results obtained from the synthesis of 4-aminobiphenyl via the reaction between 1-iodo-4-nitrobenzene and phe-
nylboronic acid in the presence of  Ni7–Pd3@BIHPS with those obtained using other heterogeneous catalysts

a Isolated yield
b Commercially available silica
c Synthesized = in our group for comparison
d Na-montmorillonite clay

Entry Catalyst Pd (mol%) Ni (mol%) Temperature 
(°C)

Time (h) Yielda (%) [References]

1 Ni7–Pd3@BIHPS 0.19 0.43 80 2.5 90 [This work]
2 Ni7–Pd3@Silicab 0.19 0.43 80 10 56c

3 Ni7–Pd3@MMTd 0.19 0.43 80 5.5 62c

4 Pd cNPs/C@Fe3O4 0.73 – 70 3 91 [33]



Introducing of a New Bio-inspired Hierarchical Porous Silica as an Inorganic Host for Ni–Pd Alloy…

1 3

Compliance with Ethical Standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

References

 1. Gu Z, Xu H, Bin D, Yan B, Li S, Xiong Z, Zhang K, Du Y (2017) 
Colloids Surf A 529:651

 2. Shang N, Zhou X, Feng C, Gao S, Wu Q, Wang C (2017) Int J 
Hydrog Energy 42:5733

 3. Cheong WC, Liu C, Jiang M, Duan H, Wang D, Chen C, Li Y 
(2016) Nano Res 9:2244

 4. Gu J, Zhang YW, Tao FF (2012) Chem Soc Rev 41:8050
 5. Feng L, Chong H, Li P, Xiang J, Fu F, Yang S, Yu H, Sheng H, 

Zhu M (2015) J Phys Chem C 119:11511
 6. Zhang J, Zhao C (2016) ACS Catal 6:4512
 7. Liu H, Tao K, Xiong C, Zhou S (2015) Catal Sci Technol 5:405
 8. Xia J, Fu Y, He G, Sun X, Wang X (2017) Appl Catal B 200:39
 9. Feng YS, Ma JJ, Kang YM, Xu HJ (2014) Tetrahedron 70:6100
 10. Zan G, Wu Q (2016) Adv Mater 28:2099
 11. Niu Z, Kabisatpathy S, He J, Lee LA, Rong J, Yang L, Sikha G, 

Popov BN, Emrick TS, Russell TP, Wang Q (2009) Nano Res 
2:474

 12. Zhao Y, Wei M, Lu J, Wang ZL, Duan X (2009) ACS Nano 3:4009
 13. Liu X, Zhang J, Wang L, Yang T, Guo X, Wu S, Wang S (2011) 

J Mater Chem 21:349
 14. Jeffryes C, Campbell J, Li H, Jiao J, Rorrer G (2011) Energy 

Environ Sci 4:3930
 15. Tang X, Li Y, Chen R, Min F, Yang J, Dong Y (2015) Korean J 

Chem Eng 32:125
 16. Seki Y, Sever K, Erden S, Sarikanat M, Neser G, Ozes C (2012) 

J Appl Polym Sci 123:2330
 17. Chen JP, Yu SC, Hsu BRS, Fu SH, Liu HS (2003) Biotechnol Prog 

19:522
 18. Yang J, Chen F, Li C, Bai T, Long B, Zhou X (2016) J Mater 

Chem A 4:14324
 19. Nadaroglu H, Cicek S, Gungor AA (2017) Spectrochim Acta A 

172:2
 20. Yuan Y, Zhou S, Liu Y, Tang J (2013) Environ Sci Technol 

47:14525
 21. Zdarta J, Jesionowski T (2016) Biotechnol Prog 32:657
 22. Pekdemir T, Keskinler B, Yildiz E, Akay G (2003) J Chem Tech-

nol Biotechnol 78:773
 23. Turesky RJ, Freeman JP, Holland RD, Nestorick DM, Miller DW, 

Ratnasinghe DL, Kadlubar FF (2003) Chem Res Toxicol 16:1162
 24. Ricicki EM, Soglia JR, Teitel C, Kane R, Kadlubar F, Vouros P 

(2005) Chem Res Toxicol 18:692

 25. Bruneau A, Roche M, Alami M, Messaoudi S (2015) ACS Catal 
5:1386

 26. Kim E, Jeong HS, Kim BM (2014) Catal Commun 45:25
 27. Uberman PM, García CS, Rodríguez JR, Martín SE (2017) Green 

Chem 19:739
 28. Prathap KJ, Wu Q, Olsson RT, Dineŕ P (2017) Org Lett 19:4746
 29. Junge K, Wendt B, Shaikh N, Beller M (2010) Chem Commun 

46:1769
 30. Abiraj K, Srinivasa GR, Gowda DC (2005) Can J Chem 83:517
 31. Jagadeesh RV, Wienhöfer G, Westerhaus FA, Surkus AE, 

Pohl MM, Junge H, Junge K, Beller M (2011) Chem Commun 
47:10972

 32. Gkizis PL, Stratakis M, Lykakis IN (2013) Catal Commun 36:48
 33. Kumar BS, Amali AJ, Pitchumani K (2016) J Mol Catal A 

423:511
 34. Rohilla S, Pant P, Jain N (2015) RSC Adv 5:31311
 35. Pedersen L, Mady MF, Sydnes MO (2013) Tetrahedron Lett 

54:4772
 36. Chahdoura F, Pradel C, Gmez M (2013) Adv Synth Catal 

355:3648
 37. Elumalai V, Bjørsvik HR (2016) Tetrahedron Lett 57:1224
 38. Kumar A, Purkait K, Dey SK, Sarkar A, Mukherjee A (2014) RSC 

Adv 4:35233
 39. Tang X, Zhang Q, Liu Z, Pan K, Dong Y, Li Y (2014) J Mol Liq 

199:401
 40. Dong Z, Le X, Dong C, Zhang W, Li X, Ma J (2015) Appl Catal 

B 162:372
 41. Zhang M, Yan Z, Sun Q, Xie J, Jing J (2012) New J Chem 36:2533
 42. Sing KSW (1982) Pure Appl Chem 54:2201
 43. Kalbasi RJ, Mazaheri O (2016) New J Chem 40:9627
 44. Sanij FD, Gharibi H (2018) Colloids Surf A 538:429
 45. Celebi M, Yurderi M, Bulut A, Kaya M, Zahmakiran M (2016) 

Appl Catal B 180:53
 46. Tang H, Tu J, Liu X, Zhang Y, Huang S, Li W, Wang X, Gu C 

(2014) J Mater Chem 2:5834
 47. Reddy VR, Reddy PRS, Reddy IN, Choi CJ (2016) RSC Adv 

6:105761
 48. Tukhani M, Panahi F, Khalafi-Nezhad A (2018) ACS Sustain 

Chem Eng 6:1456
 49. Liu W, Lu C, Wang X, Liang K, Tay BK (2015) J Mater Chem A 

3:624
 50. Ismagilov IZ, Matus EV, Kuznetsov VV, Kerzhentsev MA, Yash-

nik SA, Prosvirin IP, Mota N, Navarro RM, Fierro JLG, Ismagilov 
ZR (2014) Int J Hydrog Energy 39:20992

 51. Zhao Z, Yang H, Li Y, Guo X (2014) Green Chem 16:1274
 52. Veisi H, Rostami A, Shirinbayan M (2016) Appl Organomet Chem 

31:1

Affiliations

Somayyeh Sarvi Beigbaghlou1 · Roozbeh Javad Kalbasi1  · Katayoun Marjani1 · Azizollah Habibi1

 * Roozbeh Javad Kalbasi 
 rkalbasi@khu.ac.ir; rkalbasi@gmail.com

1 Faculty of Chemistry, Kharazmi University, Tehran, Iran

http://orcid.org/0000-0003-3975-6609

	Introducing of a New Bio-inspired Hierarchical Porous Silica as an Inorganic Host for Ni–Pd Alloy Nanoparticles for the Synthesis of Aminobiphenyls from the One-Pot Suzuki–Miyaura Coupling-Nitro Reduction
	Abstract
	Graphical Abstract

	1 Introduction
	2 Experimental Section
	2.1 Reagents and Instrumentation
	2.2 Preparation of Bio-inspired Hierarchical Porous Silica (BIHPS)
	2.3 Preparation of Ni–Pd Alloy NPs Supported on Bio-inspired Hierarchical Porous Silica (Ni7–Pd3@BIHPS)
	2.4 Preparation of Aminobiphenyls in the Presence of Ni7–Pd3@BIHPS

	3 Results and Discussion
	3.1 Characterization of Ni7–Pd3@BIHPS
	3.2 Catalytic Activity

	4 Conclusion
	Acknowledgements 
	References


