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Abstract A simple, efficient and economically viable method for the Heck reaction has been

accomplished in the absence of phosphine ligand. The Heck reaction was performed using nanos-

tructured Ni-Co/ZnO material as a heterogeneous catalyst in a DMF/H2O solvent system and in

the presence of K2CO3, at 120 �C. The Ni-Co/ZnO nanostructures were prepared by the facile

reduction-impregnation method. The structural and morphological properties of Ni-Co/ZnO

nanostructure were investigated using various physico-chemical characterization techniques. Struc-

tural studies displayed the formation of hexagonal (wurtzite) ZnO. Electron microscopy imaging

showed the presence of agglomerated clusters of Ni-Co nanoparticles over the surfaces of elliptical,

flower bud-like and irregularly shaped sub-micron sized particle bundles of ZnO. The elemental

composition analysis (EDX) confirmed the loading of Ni and Co nanoparticles over the nanocrys-

talline ZnO. The surface chemical state analysis of Ni-Co/ZnO material validated that Ni nanos-

tructure exists in Ni2+ and Ni3+ species, whereas, Co nanostructure exists in Co2+ and Co3+

species. UV–Vis diffuse reflectance spectroscopy displays red shift in the light absorption edge of

Ni-Co/ZnO catalyst compared to pure ZnO. The as-prepared Ni-Co bimetallic supported ZnO
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nanostructure showed better catalytic activity and stability for the Heck reactions under phosphine

ligand-free conditions. Ni-Co/ZnO catalyzed Heck reactions afforded the corresponding cross-

coupled products with moderate to good yields (up to 92%). Ni-Co/ZnO catalyst could be reused

for five successive runs without significant loss of catalytic activity.

� 2020 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

It is well known that the Heck reaction is one of the important
cross-coupling reactions in synthetic organic transformations.
The Heck reaction is also called Mizoroki-Heck reaction and

is a powerful tool for the formation of carbon–carbon bonds
between aryl halides and less substituted alkenes (olefins)
and to generate the more substituted alkene compounds

(Hosseini-Sarvari et al., 2014). The Mizoroki-Heck reaction
was investigated simultaneously in the early 1970 s in the lab-
oratories of Tsutomu Mizoroki and Richard Heck. The origi-

nal reaction by Tsutomu Mizoroki in 1971 describes the
coupling between iodobenzene and styrene using a PdCl2 cat-
alyst in methanol solvent to obtain stilbene (Mizoroki et al.,
1971). In 1972, Richard F. Heck recognized the publication

of Tsutomu Mizoroki and comprehended the work discovered
independently. Richard F. Heck had reported the coupling
between iodobenzene and styrene using Pd(OAc)2 catalyst to

form stilbene under solvent-free condition (Heck and Nolley,
1972). Richard Heck was awarded the Nobel Prize in Chem-
istry in 2010, jointly with Ei-ichi Negishi and Akira Suzuki

for their significant work in the discovery and development
of carbon–carbon bond forming reactions catalyzed by palla-
dium (Johansson Seechurn et al., 2012).

The Heck reaction is one of the most extensively used
palladium-catalyzed carbon–carbon coupling reactions and
offers simplest way to synthesize variously substituted alkenes
and many other unsaturated compounds which are used as

dyes, UV screens and also useful as materials for optoelec-
tronic devices (Beletskaya and Cheprakov, 2000). Heck reac-
tion has been used in many fields such as natural product

total synthesis (Dounay and Overman, 2003), fine chemicals
(Blaser et al., 2004), pharmaceuticals and organic synthesis
(Nadri et al., 2009). De Vries (2001) reported that the Heck

reaction has been used in the manufacture of many important
molecules, for example, Prosulfuron as an herbicide, octyl
methoxycinnamate as a sunscreen agent, Naproxen as a nons-

teroidal anti-inflammatory drug (NSAID) and Singulair as an
antiasthma agent.

In the Mizoroki-Heck reaction, aryl iodides and bromides
(Spencer, 1983), aryl chlorides (Spencer, 1984), aryl triflates

(Ritter, 1993), aryl diazonium salts (Sengupta and
Bhattacharya, 1993), aryl tosylates (Goegsig et al., 2009), aryl-
sulfonyl hydrazides (Yuen et al., 2016), etc. reacted with alke-

nes in the presence of transition metal-based catalytic system
and a suitable base, to produce carbon–carbon coupled prod-
ucts. The Mizoroki-Heck reaction can be performed by homo-

geneous as well as heterogeneous catalysis. Homogeneous
catalysis has made a great impact on the development of Heck
reactions. For instance, Moore and Shaughnessy (2004) have
investigated the Heck reaction between aryl halides and alke-

nes using tri(4,6-dimethyl-3-sulfonatophenyl)phosphine triso-
dium and palladium acetate in CH3CN:H2O solvent system.

The reactions were completed efficiently under mild reaction
conditions with excellent yields. Homogeneous catalysis of
Heck reaction is generally achieved by soluble palladium,

mainly phosphine palladium complexes (Veisi and Mirzaee,
2018). However, phosphine ligands are expensive, non-
recyclable, air-sensitive and toxic. In addition, the difficulty

in recovery of palladium phosphine ligands not only increases
production cost and adverse environmental impacts but also
contaminates products, which limits their large scale applica-
tion in the pharmaceutical and food industries (Bao et al.,

2019).
To overcome or minimize the disadvantages of the homoge-

neous catalysis, significant efforts have been made to develop

new methodologies for immobilizing homogeneous Pd cata-
lysts on various solid supports. There are a number of reported
methods in which palladium-based catalytic systems have been

effectively used as heterogeneous catalysts in the Heck reac-
tions. For instance, Ichikawa et al. (2018) have described the
continuous-flow Mizoroki-Heck reaction catalyzed by Pd sup-
ported anion-exchange resin DIAION WA30 (i.e. Pd/WA30)

under microwave irradiation and the reported catalyst could
be reused up to five runs. The photochemical Heck reaction
using a PdCl2/TiO2 catalyst under mild reaction conditions

using DMF solvent and TEA (Et3N) has been reported
(Waghmode et al., 2013). Transition metal-based nanostruc-
tured materials play an important role in carbon–carbon bond

forming reactions and effectively perform the Heck reactions
under heterogeneous conditions. Yu et al. (2015) efficiently
carried out the Heck reactions under ligand-free conditions

using palladium nanoparticles supported on polyaniline
(Pd@PANI) as a heterogeneous catalyst. Environment-
friendly methods for the Heck reaction have been developed
using Pd–Fe3O4 hybrid nanocrystals (Chung et al., 2013). Ye

et al. (2019) have effectively embedded Pd nanoparticles into
modified chitosan/PVA nanofibers by electrospinning tech-
nique and thermal treatment, and the resulting Pd-CS/PVA

nanofiber mat used as an active and stable catalyst in the Heck
reactions. The nanocrystalline Pd coated cordierite monolith
material has been used as heterogeneous catalyst for the Heck

reactions in DMF solvent under argon atmosphere (Bhat
et al., 2019). Soni and Kotadia (2014) have investigated the
time-dependent stereoselective Heck reaction performed by

mesoporous Pd doped TiO2 nanoparticles under sunlight. Lit-
erature survey also revealed that the Mizoroki-Heck reaction
was carried out under ligand-free conditions using Pd sup-
ported ZnO nanoparticles (Hosseini-Sarvari et al., 2014).

The high cost of palladium systems has encouraged the
researchers to search for less expensive transition metal cata-
lysts as alternatives to the palladium systems for carbon–car-

bon cross-coupling reactions (Fürstner and Martin, 2005).
Nickel, copper, iron and cobalt are among the most used tran-
sition metals other than palladium in the catalysis of cross-

http://creativecommons.org/licenses/by-nc-nd/4.0/
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coupling reactions (Hajipour et al., 2017). Cobalt and nickel
catalysts are much cheaper, less toxic and readily available
compared to palladium catalysts, consequently, a large num-

ber of catalytic transformations were achieved with Ni and
Co catalysts in recent decade (Bao et al., 2019).

A review of the literature revealed that many researchers

have developed cobalt-based effective catalyst systems, such
as Co@MicroCS beads (Bao et al., 2019), flower-like cobalt
nanostructures (Qi et al., 2009), carbon nanotube-

encapsulated cobalt nanoparticles (Hajipour et al., 2019), Co
hollow nanospheres (Zhou et al., 2007), Co/Al2O3 (Iyer and
Thakur, 2000), Co-B amorphous alloy nanoparticles (Zhu
et al., 2012), nano Co (Kumara et al., 2017), etc. and were

applied in the Heck reactions. Recently, cobalt nanoparticles
supported on modified magnetic chitosan with cyanuric chlo-
ride/melamine and also with 5-bromo-2-hydroxybenzalde

hyde/cyanuric chloride have been used as heterogonous and
efficient catalysts in the Heck reactions (Hajipour et al.,
2020). Literature survey also disclosed that the nickel-based

catalytic systems such as Ni/TPPTS immobilized on silica
(Bhanage et al., 1998), Ni/Al2O3 (Iyer and Thakur, 2000), Ni
nanoparticles (Zhang et al., 2009), carbon nanofibers/Ni(0)

composite (Zhu et al., 2016), silica-supported poly-c-
aminopropylsilane Ni2+ complexes (Yang et al., 2003), etc.
have been applied in carbon–carbon bond forming Heck reac-
tions. Metal-organic frameworks (MOFs) and their derivatives

find excellent applications in different fields viz. sensors, gas
separation and storage, fine chemical synthesis, catalysis, elec-
trochemical and biomedical applications (Konnerth et al.,

2020), and in photovoltaic devices (Chueh et al., 2019). Liao
et al. (2020) have investigated the use of MOF derived
AuPd@Co3O4 (Au-Pd alloy nanoparticles-doped cobalt

oxide) in the selective oxidation of 5-Hydroxymethylfurfural
to 2,5- Furandicarboxylic acid. Besides, Liao et al. (2018) have
reported the application of metal–organic framework-derived

materials as effective solid catalysts for the valorization of Lig-
nocellulosic biomass. Sulfonic acid functionalized mesoporous
materials showed significant catalytic applications in large
number of synthetic transformations (Doustkhah et al., 2019)

In recent decade, the development of nanostructured
bimetallic catalysts has emerged as an important methodology
to obtain a material with enhanced chemical and physical

properties over their monometallic equivalents (Shan et al.,
2014). The enhancement in the properties of nanostructured
bimetallic catalysts is proved to be due to the substantial syn-

ergistic and cooperative interactions between individual metal
components (structural and electron tuning) that modify the
surface electronic properties (Rai et al., 2016a,b). In addition,
the stability of the catalyst can be improved by the presence of

a second counterpart in the air atmosphere, an aqueous condi-
tion and, therefore, improves the recyclability of the catalyst
(Rai et al., 2016a,b). Heck reaction was also investigated with

nanostructured bimetallic catalytic systems such as Au-Pd (Li
et al., 2018a,b; Song et al., 2012) and Pd-Ni (Feng et al., 2015;
Ohtaka et al., 2015).

In present work, we have performed the Heck reactions by
replacing expensive Pd and Au noble metals with inexpensive
and easily available non-noble transition metals like Ni and

Co. Among the various metal oxide semiconductors, ZnO is
a promising wide-band gap semiconductor and has been
widely studied due to its excellent characteristics of low cost,
good stability and non-toxicity (Kanade et al., 2007). There-
fore, ZnO has been used in photocatalysis, heterogeneous
catalysis and gas sensing applications. The use of suitable
metal oxide support like ZnO improves the stability of bimetal-

lic catalyst and can be used in the heterogeneous catalysis (Law
et al., 2012).

In view of this, here, we report a simple and inexpensive

method for the Heck cross-coupling reaction using nanostruc-
tured Ni-Co bimetallic supported ZnO material (Ni-Co/ZnO).
Initially, nanocrystalline ZnO was prepared by a sol–gel

method and further loading of Ni-Co bimetallic nanoparticles
over ZnO nanoparticles was achieved by facile reduction-
impregnation method. The as-synthesized nanocrystalline Ni-
Co/ZnO material has been used as an inexpensive, non-toxic,

recyclable and efficient catalyst for the Heck reactions under
palladium and ligand-free conditions using a DMF/H2O sol-
vent system.

2. Experimental section

2.1. Materials

The reagents zinc acetate dihydrate [Zn(OAc)2�2H2O], sodium

hydroxide (NaOH), nickel chloride hexahydrate (NiCl2�6H2-
O), cobalt chloride hexahydrate (CoCl2�6H2O) and sodium
borohydride (NaBH4) required for the synthesis of nanocrys-

talline ZnO and Ni-Co/ZnO were obtained from S.D. Fine-
Chem Limited and Loba Chemie Pvt. Ltd. All these reagents
are of analytical grade and were used as received without fur-

ther purification.

2.2. Synthesis of ZnO nanoparticles by sol–gel method

Initially, 0.5 M 250 mL solution of zinc acetate dihydrate, Zn

(OAc)2�2H2O was taken in a 1000 mL beaker and stirred at
room temperature for 10 min. To this solution, 1.0 M NaOH
solution was slowly added drop-wise using dropping funnel

with continuous magnetic stirring until the pH became 10.
The resultant solution was further stirred at room temperature
for 10 h. The residue was kept for 36 h at room temperature.

Later, the formed gel (residue) was separated by filtration,
washed with distilled water till the pH of the filtrate becomes
neutral. Then the residue was dried at 120 �C for 10 h. Further,
dried residue was calcined at 500 �C in a muffle furnace for 3 h.

Then the obtained powder was allowed to cool, grinded in
mortar with pestle and again calcined at 500 �C for 3 h in order
to ensure complete decomposition of Zn(OH)2 to ZnO.

2.3. Synthesis of nanostructured Ni-Co/ZnO material

The nanocrystalline Ni-Co/ZnO material was synthesized by

facile reduction-impregnation method. In a typical procedure,
NiCl2�6H2O (0.4 g) and CoCl2�6H2O (0.2 g) were dissolved in
30 mL distilled water. To it, NaBH4 solution (0.3 g NaBH4 in

30 mL EtOH) was added drop-wise with constant stirring. The
resulting solution was stirred at room temperature for 1 h and
then at 80 �C for 4 h. The solution is separated from the result-
ing black residue by filtration. Then residue in the round bot-

tom flask was mixed with water (30 mL), stirred for 20 min and
then allowed to settle down and water was separated. The
same procedure was repeated using 20 mL ethanol. After-
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wards, 30 mL ethanol was added to the obtained black residue
followed by slow addition of 1.0 g of as-synthesized nanocrys-
talline ZnO powder under continuous magnetic stirring. The

resulting mixture was stirred at room temperature for 1 h
and then refluxed for 4 h. Finally, EtOH was evaporated under
vacuum using a rotary evaporator. The obtained powder was

dried in an oven at 120 �C for 4 h. Synthesis of nanocrystalline
Ni/ZnO and Co/ZnO catalysts were accomplished by applying
the same procedure for the sake of comparing the effect of only

Ni and Co loading on ZnO nanoparticles on the Heck reac-
tion. For the synthesis of Ni/ZnO, we used 0.4 g of NiCl2�6H2-
O and for the Co/ZnO synthesis; we used 0.4 g of CoCl2�6H2O
A detailed scheme depicting the synthesis of a nanostructured

Ni-Co/ZnO material and its further application in the Heck
reaction is shown in Fig. 1.

2.4. Procedure for Heck reaction

In a typical Heck reaction, iodobenzene (1.0 mmol, 500 mg),
styrene (1.5 mmol), K2CO3 (1.5 mmol), Ni-Co/ZnO catalyst

(0.4 mmol, 195 mg) and DMF/H2O (1:1, v/v, 10 mL) were
added into a round bottom flask and stirred at 120 �C for
16 h under air atmosphere. The progress of the reaction was

checked by thin layer chromatography (TLC). After comple-
tion of the reaction, the reaction mixture was cooled to the
room temperature, diluted with ethyl acetate and the reaction
mass was stirred at room temperature for 20 min to ensure the

separation of product from the catalyst. Then the catalyst was
separated and again washed with ethyl acetate. The combined
centrifuges were mixed with water and the organic phase was

separated by extraction, dried over anhydrous Na2SO4, fil-
tered, and evaporated. The resultant crude product mass was
purified by column chromatography to yield the desired prod-
Fig. 1 A detailed scheme depicting the synthesis of nanostructured N
uct. The pure organic compounds were analyzed by 1H NMR,
13C NMR, and FTIR spectral techniques.

2.5. Characterization of nanostructured materials and organic
compounds

Powder X-ray diffractometer (Rigaku MiniFlex-600) with Cu

Ka (k = 1.5406 Å) radiation was used to study the crystal
structure and phase purity of the prepared nanomaterials.
The surface morphology of nanostructured materials was

observed with the field emission scanning electron microscope
(FESEM, Hitachi S-4800). The elemental composition of Ni
and Co in the catalyst was measured by energy-dispersive X-

ray spectroscopy (EDX). The UV–Visible diffuse-reflectance
spectra (DRS) were recorded using a UV–Vis diffuse-
reflectance spectrophotometer (Perkin Elmer, Model Lambda
365). The X-ray photoelectron spectroscopic (XPS) scans were

recorded by the Thermo Fisher Scientific instrument UK in
order to establish the chemical states of elements in the
nanocrystalline Ni-Co/ZnO material. All the XPS spectra were

corrected using the adventitious C 1 s peak at 284.8 eV.
The progress of the Heck reactions was monitored by thin

layer chromatography using Merck silica gel 60 F254 TLC

plate. The purification of the desired organic products was
accomplished by column chromatography technique using sil-
ica gel, 60–120 mesh, and n-hexane and ethyl acetate as an elu-
ent. The 1H NMR and 13C NMR spectra of the Heck reaction

products were acquired on a Bruker Ascend 500 NMR spec-
trometer operating at 500 MHz and 125 MHz, respectively,
in CDCl3 solvent. The 1H and 13C chemical shifts (d) are

reported in ppm relative to Tetramethylsilane (TMS), as the
internal standard substance. The coupling constant (J) values
are expressed in Hz. FT-IR spectra were acquired on Bruker

spectrophotometer.
i-Co/ZnO material and its further application in the Heck reaction.



Table 1 Calculated crystallite sizes of as-synthesized pow-

dered samples.

Entry Sample Crystallite size (nm)

1 Pure ZnO 28

2 Ni/ZnO 29

3 Co/ZnO 27

4 NiACo/ZnO 27
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3. Results and discussion

3.1. X-ray diffraction (XRD)

XRD patterns of pure ZnO, Ni/ZnO, Co/ZnO, and Ni-Co/
ZnO samples are displayed in Fig. 2. The prominent diffrac-

tion peaks associated with (100), (002), (101), (102), (110),
(103), (112) and (201) planes were observed for all the synthe-
sized samples. All the diffraction peaks are consistent with the

hexagonal wurtzite structure which is identified for pristine
ZnO (El-Hilo et al., 2019) and is in agreement with standard
JCPDS card no. 36–1451, indicating the polycrystalline nature
of all the samples (Fig. 2a–d). No additional crystalline phases

of impurities were observed in the XRD patterns of all as-
synthesized samples signifying the phase purity of all the sam-
ples. Besides, diffraction peaks for Ni and Co species were not

detected, as expected. The absence of Ni and Co species
demonstrates that Ni and Co ions are incorporated in ZnO lat-
tice without altering the wurtzite structure of ZnO (Ali et al.,

2018; Kocyigit and Topkaya, 2019; Vijayaprasath et al., 2016).
The crystallite size of all the as-synthesized samples was cal-

culated by Scherrer’s equation using the broadening of (101)
peak of ZnO. The calculated crystallite sizes of powdered sam-

ples are shown in Table 1 and it should be noted that all the
samples shows nearly the same crystallite size. It has been
observed that 2h values are marginally shifted to lower values

for Ni, Co and Ni-Co loaded ZnO samples in comparison to
unloaded ZnO indicating effective surface coating over ZnO
and/or might be due to partial incorporation of Ni and Co

in ZnO crystal lattice as shown in inset of Fig. 2 for (101)
plane. The 2h values of (101) plane for pure ZnO, Ni/ZnO,
Co/ZnO and Ni-Co/ZnO nanocrystalline samples are around

36.28�, 36.22�, 36.24� and 36.18�, respectively. It should be
noted that, the 2h value of (101) plane for Ni-Co/ZnO sample
was more shifted towards lower value compared to Ni/ZnO
and Co/ZnO samples.
Fig. 2 XRD patterns of: (a) Pure ZnO, (b) Ni/ZnO, (c) Co/ZnO

and (d) Ni-Co/ZnO powders. Inset is enlarged view of (101) plane.
3.2. Morphological and compositional characterization
(FESEM and EDX analysis)

FESEM images of pure ZnO and Ni-Co loaded ZnO nanos-
tructures are shown in Fig. 3. FESEM image corresponding

to the pristine ZnO sample shows the formation of elliptical,
flower bud-like and irregularly shaped sub-micron sized parti-
cle bundles (Fig. 3a). The length of the elliptic and bud-like

morphologies varies in the range of 700 to 1500 nm while
the thickness is in the range of 200 to 800 nm. The magnified
image of a typical bud-like morphology in the inset of

Fig. 3a reveals that such morphology is created by the agglom-
eration of beaded chain like nanostructures of size 30–50 nm.
Elliptic and irregular shaped sub-micron sized morphologies

also appear to be made up of such beaded chain like
nanostructures.

FESEM image attributable to Ni-Co loaded ZnO sample as
shown in Fig. 3b reveals the presence of agglomerated clusters

of nanoparticles over the surfaces of elliptical, flower bud-like
and irregularly shaped sub-micron sized particle bundles of
ZnO. The magnified image of a typical ellipse like morphology

of Ni-Co/ZnO in the inset of Fig. 3b reveals that such mor-
phology is partially covered by the agglomerated nanoparticles
of size 10–20 nm (which is speculated to be made up of Ni-Co,

indicated by red colored circle and arrows). The distribution of
these nanoparticles over ZnO nanostructure is random.

Fig. 4 represents the energy-dispersive X-ray (EDX) spec-

trum of Ni-Co/ZnO sample. The EDX spectrum reveals that
Ni-Co/ZnO sample contains 75.80 wt% zinc, 15.59 wt% oxy-
gen, 4.94 wt% of nickel and 3.67 wt% of cobalt and hence,
clearly confirmed that Ni and Co elements were effectively sup-

ported over ZnO. The EDX spectrum also discloses that Ni-
Co/ZnO contains 3.69 atomic % of Ni and 2.73 atomic %
of Co. Inset of Fig. 4 shows the Table corresponding to ele-

mental composition of the sample.

3.3. XPS analysis

X-ray photoelectron spectroscopy (XPS) is a material charac-
terization technique typically used to determine the surface
composition and chemical states according to the specific bind-
ing energies of various elements on the surface of materials.

XPS analysis was performed in order to ascertain the chemical
states of the Ni and Co elements in nanocrystalline Ni-Co/
ZnO material. Fig. 5 represents the XPS survey spectrum

and high resolution scans of different elements present in Ni-
Co/ZnO material. Ni, Co, Zn and O elements are observed
in the XPS survey spectrum of nanostructured Ni-Co/ZnO

(Fig. 5a). In Fig. 5b, the binding energy peaks observed at
1021.3 eV and 1044.5 eV are allied with Zn 2p3/2 and Zn
2p1/2 energy states, respectively, signifying Zn2+ in ZnO (Mo



Fig. 3 FESEM images of (a) pristine ZnO and (b) Ni-Co/ZnO nanostructures.

Fig. 4 FESEM-EDX spectrum of Ni-Co/ZnO catalyst.
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et al., 2019). The XPS spectrum of O 1 s is depicted in Fig. 5c.
The binding energy peak at 530.4 eV is attributed to lattice

oxygen of ZnO (Hosseini-Sarvari et al., 2014). Fig. 5d repre-
sents the deconvoluted spectrum of Ni 2p core level in which
Ni 2p3/2 and Ni 2p1/2 energy states are clearly observed at
855.0 eV and 873.1 eV, respectively. The energy difference

between these two peaks is 18.1 eV indicating the Ni2+ state
of Ni in NiO (Malevu et al., 2019). In addition, the Ni 2p
deconvoluted spectrum shows the presence of Ni 2p3/2 peak

at binding energy of 856.5 eV which validates the Ni3+ state
of Ni in the form of Ni2O3 (Praveen and Jayakumar, 2019;
Yu et al., 2001) and the Ni 2p1/2 peak at 875.0 eV has been also

observed. Moreover, the weak binding energy peak of Ni 2p
spectrum at 852.1 eV can be indorsed to the Ni0 (Purohit
et al., 2017). The other two peaks in the Ni 2p spectrum cen-

tered at 861.0 eV and 880.0 eV are attributed to Ni 2p3/2 and
Ni 2p1/2 satellites, respectively.

The deconvolution spectrum of Co 2p core level is depicted
in Fig. 5e in which the binding energy peaks of Co 2p3/2 and

Co 2p1/2 are located at 780.2 eV and 795.8 eV, respectively,
which can be fitted to Co3+ species (Li et al., 2018a,b; Wu
et al., 2018). The observed energy difference between Co

2p3/2 and Co 2p1/2 is 15.6 eV. In addition, the peaks at
782.0 eV and 797.9 were corresponding to the Co 2p3/2 and
Co 2p1/2 energy levels, respectively, which could be ascribed

to Co2+ species (Li et al., 2018a,b). The Co 2p binding energy
peaks observed at 780.2 eV and 795.8 eV are associated with
Co3O4 (Chen et al., 2007; Liao et al., 2006). The other two

peaks in the Co 2p scan centered at 785.7 eV and 802.1 eV
are allied to the Co 2p3/2 and Co 2p1/2 satellites of Co species.
3.4. UV–Vis DRS analysis

Optical properties of pure ZnO, Ni/ZnO, Co/ZnO and Ni-Co/
ZnO nanocrystalline samples were investigated using Ultravio-
let–visible diffuse reflectance spectra (UV–Vis DRS). Fig. 6a

displays the absorbance versus wavelength graph of unloaded
and Ni, Co and Ni-Co loaded ZnO samples. The absorption
spectra divulge that there is red shift of the light absorption

edge of Ni/ZnO, Co/ZnO and Ni-Co/ZnO materials as com-
pared to pure ZnO. The absorption edge of bare ZnO is at
around 395 nm with corresponding band gap of 3.11 eV. By

loading with Ni and Co elements, the absorption region gets
altered, might be due to partial incorporation of Ni and Co
elements in to the ZnO lattice. The metal Ni, Co and Ni-Co
loaded ZnO samples exhibited a tailed absorption in the visible

light (>400 nm) region.
The optical band gap energy values of the as-synthesized

nanostructures were investigated using the absorption band-

edge according to Tauc’s plot (Fig. 6b). The Tauc plot shows
that there was a decrease in band gap energy for all metal
loaded ZnO samples. The plot of (ahm)2 versus photon energy

(hm) in eV between valence and conduction bands shows that
pure ZnO displayed an energy threshold in the UV region cor-
responding to an estimated bulk energy band gap of 3.11 eV,
while the band gap narrowing was observed for Ni, Co, and

Ni-Co loaded ZnO materials. The calculated band gap values
are 3.11, 3.01, 2.97 and 2.94 eV for unloaded ZnO, Ni/ZnO,
Co/ZnO, Ni-Co/ZnO samples, respectively. The Tauc plot sug-

gests that the incorporation of Ni, Co and Ni-Co in ZnO



Fig. 5 (a) XPS survey spectrum of nanostructured Ni-Co/ZnO; (b) Zn 2p, (c) O 1 s, (d) Ni 2p and (e) Co 2p XPS spectra of Ni-Co/ZnO

nanostructure.
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shows marginal red shift in absorption edge to longer wave-

length as well as increase in absorption in entire visible region.
The red shift in band gap might be due to the sp-d exchange
interactions between the band electrons of ZnO and the local-

ized d-electrons of Ni and Co ions in metal loaded ZnO sam-
ples (Kocyigit and Topkaya, 2019).

3.5. FTIR analysis

The Fourier transform infrared (FTIR) spectra of pure ZnO,
Ni/ZnO, Co/ZnO and Ni-Co/ZnO samples are measured in
the range of 4000 to 400 cm�1 and are presented in Fig. 7.

There is no extra peak observed in the range of 3300 to
3700 cm�1 (Fig. 7a) indicating the absence of monodentate
OAH group which is from water (surface free or bonded).

The absence of OAH peak at 3300 to 3700 cm�1 indicates that
the complete formation of oxides. Spectral peaks at 1737 to
1218 cm�1 are related to C‚O, CAC, CAO and CAH stretch-

ing vibrations (Hassanpour et al., 2019; Xiong et al., 2009). In
FTIR spectra, the sharp peaks positioned at around 497 cm�1

and 567 cm�1 are attributed to the formation of ZnAO bond.

Distinctive IR peaks less than 1000 cm�1 are very important to
examine the presence of ZnAO, NiAZnO, CoAZnO and



Fig. 6 (a) UV–Vis DRS spectrum and (b) Tauc’s plot of unloaded ZnO and metal-loaded ZnO samples.

Fig. 7 FTIR spectra: (a) Pure ZnO and metal-loaded ZnO samples and (b) Enlarged view of the wavenumber (below 1500 cm�1).
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NiACoAZnAO bonds. The FT-IR absorption bands observed

around 649, 634, 653 and 650 cm�1 can be ascribed to the
stretching modes of ZnAO, NiAZnAO, CoAZnAO and
NiACoAZnAO nanostructured samples, respectively

(Vijayaprasath et al., 2016), as shown in Fig. 7b.

3.6. Catalytic application of nanostructured Ni-Co/ZnO
material

After a successful synthesis and characterization of nanocrys-
talline Ni/ZnO, Co/ZnO, and NiACo/ZnO materials, their

catalytic performances were studied to accomplish the Heck
reactions. The screening reactions were performed using
iodobenzene and styrene as model substrates (Scheme 1).

For optimization of the reaction conditions, effects of the

catalyst, solvent, base and temperature on the Heck coupling
Scheme 1 Model Heck reaction.
reaction of iodobenzene and styrene were studied and the sum-

mary of optimization is given in Table 2. The reaction did not
occur with pure ZnO. When the reaction was carried out with
Ni/ZnO in N, N-dimethylformamide (DMF) using NEt3, the

64% yield was observed at 90 �C in 16 h (entry 2, Table 2).
Using a DMF/H2O (1:1, v/v) solvent and K2CO3 as a base
for Ni/ZnO and Co/ZnO catalyzed Heck reactions, yields of

70% and 66% were obtained, respectively at 90 �C (entries
3–4, Table 2). However, when reaction was carried out at
120 �C for Ni/ZnO catalyst using DMF and NEt3, a yield of

82% was obtained (entry 5, Table 2) and 74% yield for Co/
ZnO (entry 6, Table 2). This means that with an increase in
reaction temperature, an improvement in yield was observed.

Subsequently, we performed Heck reactions using

nanocrystalline Ni and Co bimetallic supported ZnO material
(Ni-Co/ZnO catalyst) and observed good results compared to
monometallic Ni and Co supported ZnO catalysts. Ni-Co/ZnO

provided a yield of 88% using DMF and NEt3 (entry 7,
Table 2), while using DMF/H2O and K2CO3, a yield of 92%
was obtained (entry 8, Table 2). For Na2CO3 as a base, a yield

of 88% for the Heck reaction using Ni-Co/ZnO was obtained
(entry 9, Table 2). The role of water as a co-solvent in the car-
bon–carbon cross coupling reactions is highly noticed



Table 2 Optimization of reaction conditions.a.

Entry Catalyst Solvent Base Temp. (�C) Yieldb (%)

1 Pure ZnO DMF NEt3 90 –

2 Ni/ZnO DMF NEt3 90 64

3 Ni/ZnO DMF/H2O K2CO3 90 70

4 Co/ZnO DMF/H2O K2CO3 90 66

5 Ni/ZnO DMF NEt3 120 82

6 Co/ZnO DMF NEt3 120 74

7 NiACo/ZnO DMF NEt3 120 88

8 NiACo/ZnO DMF/H2O K2CO3 120 92

9 NiACo/ZnO DMF/H2O Na2CO3 120 88

10 NiACo/ZnO Toluene NEt3 110 58

11 NiACo/ZnO CH3CN NEt3 80 54

12 NiACo/ZnO DMF Morpholine 120 –

a Reaction conditions: Iodobenzene (1.0 mmol), styrene (1.5 mmol), Catalyst (0.4 mmol), Base (1.5 mmol), 16 h, Solvent, Temp.
b Isolated yield.

Table 3 Optimization of mmol of Ni-Co/ZnO catalyst for

Heck reaction between iodobenzene and styrene.a.

Entry mmol of Ni-Co/ZnO catalyst Yieldb (%)

1 0.1 Trace

2 0.2 38

3 0.3 72

4 0.4 92

5 0.5 92

a Reaction conditions: Iodobenzene (1.0 mmol), styrene

(1.5 mmol), Ni-Co/ZnO, K2CO3 (1.5 mmol), 16 h, DMF/H2O,

120 �C.
b Isolated yield.
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(Sherwood et al., 2019). The use of water as a polar co-solvent

can induce the homogeneity of inorganic base (i.e. K2CO3) and
reaction mixture which, in turn, can enhance the rate of reac-
tion. The results indicated that good yield results have been

obtained for inorganic bases in DMF/H2O solvent system.
In addition, we have studied the Heck reaction using

toluene and CH3CN solvents; however, lower yields were
observed (entries 10–11, Table 2). CH3CN is less polar solvent

than DMF, but due to its characteristic polarity, it could offer
a conversion of 54% of desired product. It has been reported
that the combination of amine base and less polar solvent such

as toluene provide a convenient route for the formation of
homogeneous solution in the Heck reaction (Sherwood et al.,
2019). Therefore, here toluene could offer a yield of 58% using

a nanostructured Ni-Co/ZnO catalyst in presence of triethy-
lamine base (i.e. NEt3). Furthermore, the boiling point of
toluene is 110.6 �C; somewhat high to enhance the reaction

rate. Heck reaction was also performed using morpholine as
a base, but no product formation was observed (entry 12,
Table 2). Morpholine is an unhindered secondary amine.
The Heck reaction proceeds through the formation of p-
allylic complexes which are susceptible to undergo nucleophilic
attack with a secondary amine such as morpholine. This leads
to the formation of tertiary allylic amine as a major product

instead of desired alkene product (Heck, 2004). Therefore,
morpholine could not give the desired alkene product.

Thus, we observed better results for the Heck reaction using

nanostructured Ni-Co/ZnO material as compared to Ni/ZnO
and Co/ZnO. The increase in catalytic activity for bimetallic
Ni and Co supported ZnO nanomaterial can be attributed to

important synergistic and cooperative interactions between
individual metallic components (structural and electron tun-
ing) which modify the surface electronic properties. Addition-
ally, the stability of the catalyst can be enhanced by the

presence of a second counterpart (Rai et al., 2016a,b). Kaur
et al. (2018) reported that the two metal components of
bimetallic nanoparticles shows improved bifunctional perfor-

mance and also provide extra properties viz. strength, func-
tionality, and stability to the nanostructured material.

The mmol concentration of Ni-Co/ZnO catalyst was also

optimized to obtain the highest yield. For 0.1 mmol, a trace
yield was observed (entry 1, Table 3). For 0.2 mmol of catalyst,

the yield observed was 38% (entry 2, Table 3). A further
increase in the mmol of Ni-Co/ZnO catalyst from 0.3 mmol
to 0.4 mmol resulted in an increase in the product yield from

72% to 92% (entries 3–4, Table 3). By increasing the mmol
of catalyst from 0.4 to 0.5, the almost similar yield was
obtained (entry 5, Table 3). Therefore, 0.4 mmol of Ni-Co/
ZnO catalyst was selected and further Heck reactions were per-

formed using 0.4 mmol of nanostructured Ni-Co/ZnO.
Using the optimized reaction conditions, a variety of struc-

turally different aryl halides were used in the Heck reaction

using styrene (Scheme 2) to obtain the desired carbon–carbon
coupled products (entries 1–10, Table 4). It is observed that
aryl iodides (iodobenzene and 4-iodotoluene, entries 1 and 3,

Table 4) can contribute more in the Heck reactions compared
to aryl bromides (bromobenzene and 4-bromotoluene, entries
2 and 4, Table 4). The results showed that the aryl iodides con-

taining electron-rich substituents get converted to the desired
products with more yields (entries 5–6, Table 4) than aryl
iodides with electron-withdrawing substituents (entries 7–8,
Table 4). In addition, the Heck reaction using 3-iodopyridine

was carried out; however, lower yield of 74% was observed
(entry 9, Table 4). We have also investigated the role of Ni-
Co/ZnO catalyst with respect to chlorobenzene (entry 10,

Table 4), but observed negligible formation of the product.
This might be due to the poor reactivity of chloro group in



Scheme 2 General Heck reaction catalyzed by nanostructured

Ni-Co/ZnO material.
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such type of carbon–carbon bond forming reactions (Heck,

2004; Zhou et al., 2007).
Thus, Ni-Co/ZnO catalyzed Heck reaction generated the

corresponding cross-coupled products with moderate to good
Table 4 Heck reaction of different aryl halides with styrene catalyz

Entry Aryl halide Styrene

1

2

3

4

5

6

7

8

9

10

a Reaction conditions: Aryl halide (1.0 mmol), styrene (1.5 mmol), Ni-

120 �C, air atmosphere.
b Isolated yield.
yields (72% to 92%) at 120 �C using a polar DMF/H2O sol-
vent system and K2CO3 as a base in 16 h, under ligand-free
conditions and in an air atmosphere.

In this work, we have performed Heck reaction under phos-
phine ligand-free conditions and in such reaction condition,
there is absence of strongly bound neutral ligands. In order

to facilitate the Heck reaction, phosphine-free catalytic sys-
tems can avail N, N-dimethylformamide (DMF) as a polar sol-
vent with an aqueous medium (Beletskaya and Cheprakov,

2000). It has been also reported that the more polar DMF sol-
vent promotes the oxidative addition and olefin insertion steps
during the Heck reaction mechanism (Lin et al., 2004). The
role of DMF has been noticed as a reducing agent as well as

a solvent in many reactions (Carpenter et al., 2012; Jeong
et al., 2009; Rai et al., 2016a,b), and broadly used for the
reduction of metal ions (Bastakoti et al., 2015). Furthermore,
ed by nanostructured Ni-Co/ZnO.a.

Product Yieldb (%)

92

76

84

72

88

91

83

81

74

trace

Co/ZnO (0.4 mmol), K2CO3 (1.5 mmol), 16 h, DMF/H2O (1:1, v/v),
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DMF has sufficiently high boiling point (153 �C) to increase
the rate of reaction (Sherwood et al., 2019). Therefore, in this
work, we have performed Heck reactions using polar DMF

solvent in combination with water (i.e. DMF/H2O solvent
system).

The plausible mechanism of the reaction between aryl

halide and styrene over nanostructured Ni-Co/ZnO catalyst
should be similar to the homogeneous Heck type mechanism
(Scheme S1, ESI). In the first step (i.e. oxidative addition),

nanostructured Ni-Co/ZnO catalyst (1) could inset in the aryl
and halide bond to generate intermediate (2). In next step,
intermediate (2) reacts with styrene and forms a p complex
(3). In migratory insertion step, the styrene from the p complex

(3) undergoes insertion with catalyst and aryl ring and pro-
duces intermediate (4). Next step is b hydride elimination step
in which there is removal of hydrogen with the formation of p
complex (5) on the surface of nanocatalyst. The p complex (5)
then undergoes decomposition with removal of alkene prod-
uct. The catalyst could regenerate in the final reductive elimi-

nation step by K2CO3 base. Here, we have assumed that the
reduction of cationic Ni and Co nanoparticles supported by
ZnO to active metallic Ni and Co could take place by the

DMF solvent under the aqueous and basic reaction medium
and this could complete the catalytic cycle of the Heck
reaction.
Table 5 Recyclability of Ni-Co/ZnO catalyst in Heck reaction

between iodobenzene and styrene.a.

Run Yieldb (%)

1 92

2 90

3 84

4 81

5 76

a Reaction conditions: Iodobenzene (1.0 mmol), styrene

(1.5 mmol), recycled catalyst, K2CO3 (1.5 mmol), 16 h, DMF/H2O,

120 �C.
b Isolated yield.

Table 6 Comparison of catalytic activities of nanostructured Ni-C

iodobenzene with styrene.

Entry Catalyst Reaction conditions (Base, Solvent, Tem

1 Co/Al2O3 K2CO3, NMP, 150 �C
2 Nano Co K2CO3, NMP, 140 �C
3 Co-B K2CO3, DMF/H2O, 120 �C
4 Co@MicroCS Et3N, DMAc, 140 �C
5 Co-NHC@MWCNTs Li2CO3, PEG, 80 �C
6 ‘‘Si”~NH2�Co(OAc)2 Bu3N, NMP, 150 �C
7 Ni-Pd K2CO3, H2O-DMF, 80 �C
8 Ni nanoparticles K2CO3, H2O, 140 �C
9 ‘‘Si”~NH2�Ni(OAc)2 Bu3N, NMP, 150 �C
10 Pd/ZnO NPs K2CO3, H2O, 90 �C
11 Au-Pd NaHCO3, H2O, 80 �C
12 Ni/PANI composite n-Pr3N, DMF, 130 �C
13 Ni-Co/ZnO NPs K2CO3, DMF/H2O, 120 �C
The 1H NMR, 13C NMR and FT-IR spectral data of as-
synthesized Heck reaction products are well matched to the
desired products (see ESI). In addition, the observed coupling

constant value (J = 16.5 Hz) for the olefin (alkene) protons
clearly confirmed the formation of trans-substituted alkenes
(Kaur et al., 2018) and not the cis isomer. In general, cis hydro-

gen atoms show the coupling constant value approximately of
10 Hz, while trans hydrogen atoms shows the coupling con-
stant value of around 16 Hz (Pavia et al., 2008).

3.7. Recyclability study of the catalyst

The recyclability of catalyst is an essential factor from an eco-

nomic and eco-friendly point of view. Consequently, the recy-
clability of Ni-Co/ZnO catalyst was checked in the Heck
reaction between iodobenzene and styrene under the optimized
reaction conditions. At the end of each reaction, the reaction

mixture was allowed to cool to room temperature, the catalyst
was separated, washed with ethyl acetate, dried at 100 �C for
4 h and reused. As shown in Table 5, the catalyst was reused

five times without significant loss of catalytic activity and a
yield of 76% was obtained after the fifth run for the heteroge-
neous catalyst.

3.8. Comparison of catalytic activities

We compared the catalytic activity of nanostructured Ni-Co/
ZnO catalyst with some of the previously reported catalysts

in the Heck reaction of iodobenzene and styrene, and the
results are presented in Table 6. Obviously, some of the reac-
tion conditions are mild and some reported methods shows

better results. However, few of the reported methods required
long reaction time, higher temperature and use of noble Pd or
Au metals. The significant advantages of the present work are

use of inexpensive and efficient Ni-Co/ZnO catalyst in the
Heck reaction, heterogeneous catalysis, environmentally
friendly method, minimization of metal contamination, and

palladium and phosphine ligand-free conditions. Ni-Co/ZnO
catalyzed Heck reaction offered the corresponding product
with good yield. Moreover, the nanostructured Ni-Co/ZnO
catalyst was synthesized by facile reduction-impregnation

method.
o/ZnO catalyst with literature examples for Heck reaction of

perature) Time (h) Yield (%) Ref.

24 56 (Iyer and Thakur, 2000)

12 86 (Qi et al., 2009)

12 98 (Zhu et al., 2012)

8 65 (Bao et al., 2019)

8 78 (Hajipour and Khorsandi, 2016)

48 39 (Yang et al., 2003)

9 48 (Rai et al., 2016a,b)

16 78 (Zhang et al., 2009)

15 98 (Yang et al., 2003)

17 95 (Hosseini-Sarvari et al., 2014)

3 80 (Song et al., 2012)

36 69 (Houdayer et al., 2005)

16 92 Present work
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4. Conclusions

In conclusion, we have easily prepared nanocrystalline Ni-Co/
ZnO material by a simple reduction-impregnation method

from the available starting materials. The synthesized Ni-Co/
ZnO nanostructure was successfully used as a heterogeneous
catalyst for the Heck reaction under ligand-free conditions

without using an inert atmosphere. Ni-Co/ZnO material was
used as a non-toxic and economically viable catalyst for the
Heck reaction and retained reasonable catalytic activity for
five successive runs. Ni-Co/ZnO nanomaterial included low-

cost Ni and Co metallic systems compared to expensive noble
metallic systems. We believe that this type of nanocrystalline
bimetallic supported ZnO material finds excellent application

as an active catalyst for other carbon–carbon bond formation
reactions and a useful alternative to heterogeneous palladium
catalysts. Furthermore, such type of nanocrystalline metal

oxide system can acts as an active catalyst for laboratory-
scale research and also for industrial applications.
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