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Nickel  nanoparticles  synthesized  from  NiCl2·6H2O by hydrazine  hydrate  in  mixed  solvent  of  ethanol  and
water  in  the  presence  of  hydroxypropylmethylcellulose  (HPMC)  as  protective  and  stabilizing  agents.  The
morphology  and  sizes  of  synthesized  Ni nanoparticles  were  studied  by field-emission-scanning-electron
microscopy  (FESEM).  Structural  properties  of nanoparticles  were  examined  by  X-ray  diffraction  (XRD).
The polymer  stabilized  Ni  nanoparticles  were  characterized  by  Fourier-transform  infrared  (FTIR)  spec-
troscopy.  The  magnetic  measurement  showed  that  the resultant  Ni nanoparticles  were  ferromagnetic.
ickel nanoparticles
ydroxypropylmethylcellulose
agnetic material

uzuki coupling reaction

Also,  the  saturation  magnetization  (MS),  remanent  magnetization  (MR) and  coercivity  (MR) were  observed
to  increase  with  decreasing  temperature.  The  results  of  magnetic  characterization  showed  that  the  mag-
netic properties  of  the  HPMC  stabilized  Ni  nanoparticles  are  quite  different  from  those  of  the  bared  Ni
nanoparticles.  All  the  observed  magnetic  properties  essentially  reflected  the  very  typical  nanoparticle
type  nature.  Consequently,  the  resulting  Ni nanoparticles  were  found  to be  highly  active  and  recyclable
catalyst  for  Suzuki  coupling  reactions.
. Introduction

Nano-structured magnetic materials have drawn our interest
ecause of their novel physico-chemical properties and unique
pplications in diverse areas such as catalysis (Ferrando, Jellinek,

 Johnston, 2008; H.X. Li, Zhao, Wan, Dai, & Qiao, 2006; Y. Li, Cai,
ogers, Xu, & Shen, 2006; Wu,  Zhang, Zhao, Li, & Tao, 2008), data
torage (Reiss & Hütten, 2005), sensors (Sadek et al., 2010) and med-
cal diagnosis (Hernandez, Polizu, Turenne, & Yahia, 2002). Among
hese magnetic nanomaterials, a recent surge of interest is grown
p for Ni nanoparticles due to their frequent exploitation in differ-
nt synthetic and catalytic activity. Compared to traditional Raney
i, these Ni nanoparticles have shown tremendous catalytic activ-

ty, feasible processability, ease of preparation, high stability and
ase of recyclability, so forth, these are upcoming as an attrac-
ive area of research in the coming future. The magnetic as well

s catalytic properties of Ni nanoparticles are strongly dependent
n the morphology and shape of the nanoparticles (Cordente et al.,
001; Kim, Lee, Choi, Park, & Park, 2004). Various attempts have

∗ Corresponding authors. Tel.: +91 9433379034; fax: +91 33 23519755.
E-mail address: dipankar.chattopadhyay@gmail.com (D. Chattopadhyay).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.05.020
© 2013 Elsevier Ltd. All rights reserved.

been made to prepare Ni nanoparticles, e.g. wet chemical reduc-
tion in aqueous solution (Kim et al., 2005; Ni, J. Zhang, Zhang, &
Zheng, 2007; Ni, Y.F. Zhang, Song, & Zheng, 2007; Wang, Sun, Yu,
& Meng, 2008; Wu  & Chen, 2004) or in organic media (Alonso,
Calvino, Osante, & Yus, 2005; Bai, Yuan, & Tang, 2008; Couto et al.,
2007; Hou & Gao, 2003; Jiang, Xie, Jiang, Jing, & Qin, 2012; Yu,
Kim, Chung, & Liang, 2003), microemulsion (Chen & Wu,  2000;
Zhang et al., 2005), hydrothermal techniques (Wang et al., 1998),
electrical method (Zach & Penner, 2000), metal salt reduction
(Hou & Gao, 2003), ultrasound-spray pyrolysis (Stopic, Nedeljkovic,
Rakocevic, & Uskokovic, 1999), polyol method (Carroll, Reveles,
Shultz, Khanna, & Carpenter, 2011) and neutral organometallic pre-
cursor decomposition (Park et al., 2005; Zhang, Wu,  Chen, & Qui,
2006). Chemical reduction method has the advantage of simplicity,
precise control of the size and low cost compared with the exist-
ing physical methods. Although the wet  chemical reduction has
its own  simplicity but it is hard to get phase pure Ni nanoparti-
cles in aqueous media because the oxidation of these nanoparticles
facilitates in the aqueous media (Chen & Hsieh, 2002; H.X. Li et al.,

2006; Y. Li et al., 2006) which renders their application. The phase
pure Ni nanoparticles were synthesized in organic solvents like
tetrahydrofuran (Domínguez-Crespo, Ramírez-Meneses, Montiel-
Palma, Torres Huerta, & Dorantes Rosales, 2009), hexadecylamine

dx.doi.org/10.1016/j.carbpol.2013.05.020
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.05.020&domain=pdf
mailto:dipankar.chattopadhyay@gmail.com
dx.doi.org/10.1016/j.carbpol.2013.05.020
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Hou & Gao, 2003), ethylene glycol (Yu et al., 2003) and ethanol
Bai et al., 2008) in order to avoid the oxidation of Ni nanoparticles.
thanol was used as solvent and played the complementary reduc-
ng role. The difficulty with these magnetic nanoparticles is their
endency to agglomerate due to magnetic dipole–dipole attractions
n order to reduce their surface energy. An important feature in the
roduction of nanoparticles is the ability to keep them physically
eparated from each other preventing irreversible aggregation. The
ggregation of nanoparticles can be eliminated by steric (coating
he particles with a steric stabilizer layer) or ionic (inducing oppo-
ite charge on the particle surface) repulsion (Brust, Walker, Bethell,
chiffrin, & Whyman, 1994; Couto et al., 2007; Oliveira, Zanchet,
grate, & Zarbin, 2005).

Reported literature stated that several organic modifiers, such
s tetrabutyl ammonium bromide (Chen & Hsieh, 2002; Singla,
egi, Mahajan, Singh, & Jain, 2007) sulfonated polybutadiene (Jiang
t al., 2012) and cetyltrimethylammonium bromide (Abdel-Aal,
alekzadeh, Rashad, El-Midany, & El-Shall, 2007) were used to

revent irreversible aggregation of magnetic nanoparticles. The
urface coating does not only protect the particles from aggre-
ation, but it can also affect their size, shape, polydispersity and
he total effective moment of the nanoparticles (Shen, Laibinis,

 Hatton, 1999). Generally the nanocrystallites are the outcome
n precipitation technique but such dispersions are inherently
nstable because the so-formed nanoscale crystallites are prone
o aggregate themselves to form larger particles due to the pres-
nce of dipolar interactions among the magnetic nanoparticles.
n this prospect, Jongen et al. synthesized copper oxalate par-
icles of different shape and morphology of the crystallites in
he presence of hydroxypropylmethylcellulose (HPMC) and they
oncluded that the concentration of HPMC has a distinct role in
ontrolling the crystallite shape and morphology (Jongen, Bowen,
emaitre, Valmalette, & Hofmann, 2000). Xiaomin Ni and co-
orkers reported the formation of chain like nickel wire by

elf-assembly of small nickel crystallites (Ni, J. Zhang et al., 2007;
i, Y.F. Zhang et al., 2007). Wu et al. fabricated Ni nanoparticles by
ydrazine reduction of nickel chloride in ethylene glycol at 60 ◦C
ithout a protective agent (Wu  & Chen, 2003). They proposed that

odium hydroxide (NaOH) used in this process is not only necessary
o produce pure Ni but accelerates the reaction rate at an elevated
emperature (60 ◦C) also. Roy et al. synthesized oxide-coated Ni
anoparticles with tetragonal crystalline structure by using boro-
ydride reduction method (Roy, Srinivas, Ram, De Toro, & Mizutani,
005). The effect of annealing in the as-prepared sample was effi-
ient to observe fcc Ni peak and their subsequent ferromagnetic
ehavior. Also well dispersed Ni nanoparticles with uniform size
ere synthesized via a modified hydrazine reduction route with-

ut any surfactant by Bai et al. (2008). In the latest report, Rashid
t al. reported polyvinyl methyl ether (PVME) assisted synthesis
f chain-like cobalt–nickel alloy nanostructures and also investi-
ated their magnetic and catalytic activity toward both organic
nd inorganic reactions in aqueous phase (Rashid, Raula, & Mandal,
011).

The resulting nanoparticles exhibit a wide assortment of rich
hysical properties and may  have potential applications in diverse
reas. However, the effectiveness of their application will depend to

 large extent on their stability against oxidation and obviously on
heir magnetic attributes. According to the reported literature the
lectronic and magnetic properties of the particles remains unal-
ered in the presence of the polymers as the extent of interaction
f the polymers with the surface of the particles is very less (Roy
t al., 2005; Singh & Srinivas, 2010). Such core–shell structures

re of considerable interest for many applications, which require
anoparticles to have high magnetic susceptibility. The metallic
agnetic component shows the magnetic sensitivity for interac-

ion with the external field whereas the coating would provide a
olymers 98 (2013) 80– 88 81

surface that could easily be functionalized. The magnetic proper-
ties of these magnetic nanomaterials strictly depend on the crystal
structure with various morphologies obtained via different exist-
ing synthetic processes. Recently, Singh et al. synthesized bared
and polymer coated tetragonal Ni nanoparticles by borohydride
reduction method, and investigated their structural and anoma-
lous magnetic properties (Singh & Srinivas, 2010). Y. Chen et al.
observed that magnetization of the fcc Ni nanoparticles increases
rapidly with saturation at around 10 kOe field, whereas that of
hcp Ni nanoparticles increases slowly with no saturation even at
50 kOe (Chen, Peng, Lin, & Luo, 2007). N. Cordente et al. studied the
magnetic properties of fcc Ni with various structural morphologies
and concluded that the amine-capped structures had magnetiza-
tion values comparable to the corresponding nickel ‘bulk’ ones
(Cordente et al., 2003).

Homogeneous catalysts have exhibited high activity and selec-
tivity with special applications in asymmetric catalysis, although
they are often expensive and their separation and reuse trouble
some. In recent years, however, heterogeneous catalysis has expe-
rienced an enormous progress, with the catalysts being, in some
cases, even more selective than their homogeneous counterparts.
Moreover, heterogeneous catalysts are easy to separate and reuse,
minimizing the presence of metal traces in the product, improv-
ing the handling and process control and therefore, reducing the
overall costs.

Extremely small size and large surface to volume ratio of
nanosized catalysts makes themselves an efficient element of het-
erogeneous catalysis in organic synthesis. Recently, there has been
growing interest of Ni nanoparticles as catalyst offer great oppor-
tunities for a wide range of applications owing to their easy
preparation, potent catalytic activity, possible process ability, high
stability and ease of recyclability compared to traditional Raney Ni
catalyst. Ni nanoparticles have been used as catalyst in organic syn-
thesis and chemical manufacturing processes including the chemo
selective oxidative coupling of thiols (Saxena, Kumar, & Mozumdar,
2007), reduction of aldehydes and ketones (Alonso, Riente, & Yus,
2008a; Alonso, Riente, & Yus, 2008b; Alonso, Riente, & Yus, 2008c)
hydrogenation of olefins (Dhakshinamoorty & Pitchumani, 2008)
and Hantzsch condensation for polyhydroquinoline derivatives
(Sapkal, Shelke, Shingate, & Shingare, 2009). Recently, it has been
proved that Ni nanoparticles are generally unstable, and the explo-
ration of appropriate support for stabilizing catalytic nanoparticles
is a key factor in their successful and wide applications in hetero-
geneous catalysis.

The future progress in nanotechnology will be dependent on
polymer assisted nanotechnology because the polymer provides
simple, ecologically friendly, cost-effective and multifunctional
properties and applications of the products. The imperative chal-
lenge now for researchers and industry is to develop industrial
methods for production of various types of polymer coated
nanoparticles at affordable cost. To prevent the particles from
coalescing, polymers have been commonly used to sterically pro-
tect the particles. One may  hope that nanoparticles and polymer
nanocomposites consisting of non-aggregated nanoparticles with
tailored shape, size, low polydispersity, spatial arrangement and
multifunctional properties will find many future applications, of
which we  cannot even guess today.

In the present study, we  have found a reproducible one step
in situ synthesis of Ni nanoparticles by chemical reduction of nickel
chloride using hydrazine hydrate in aqueous-ethanol medium in
the presence of hydroxypropylmethylcellulose (HPMC) as a stabi-
lizer. We hypothesized that the HPMC stabilized Ni nanoparticles
could be a better option for Suzuki coupling reactions over other

investigated metal nanoparticles. In addition the magnetic prop-
erty and efficient catalytic activity toward Suzuki coupling reaction
of synthesized Ni nanoparticles was  also investigated.
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. Experimental

.1. Materials

A cellulose derivative, hydroxypropylmethylcellulose (viscos-
ty 50 cPs) (HPMC) was obtained from Central Drug House (P)
td., India. Nickel chloride and hydrazine hydrate was reagent of
. Merck., India. Sodium hydroxide was purchased from Merck,
ndia. Ethanol was acquired from Hong Yang Chemicals Corpora-
ion, China. Other chemicals, unless specified were of reagent grade
nd used without further purification. The water used through out
his work was triple distilled water.

.2. Synthesis of Ni nanoparticles

The Ni nanoparticles were synthesized from nickel chloride in
ater alcohol mixture (3:1). In a typical synthetic route, 0.2 M
ickel chloride was added to various amount of hydroxypropyl-
ethylcellulose (1 wt% and 2 wt%) solution. Then, the mixture was

reated with the ultrasonic sound for 15 min  to get homogeneous
ixture. An appropriate amount of hydrazine hydrate (2 M)  was

dded dropwise into the solution. The pH of the solution was  main-
ained 12–12.5 by using appropriate amount of NaOH solution. The
esulting mixture was ultrasonicated at 60 ◦C for 1 h. The solutions
ecame black indicating that the nickel crystallites were formed.
he precipitate was filtered off and washed with distilled water in
equence to washing out by product impurities. Then, the precipi-
ate was washed with ethanol to control surface oxidation. Initially,
he precipitate was dried at room temperature and then dried at
0 ◦C in vacuum oven. The whole synthesis procedure is shown in

ig. 1. The obtained samples were referred as polymer stabilized Ni
anoparticles. The pure Ni nanoparticles were also prepared with-
ut any protecting agent following the same procedure mentioned

Fig. 1. Schematic diagram of synthesis of HPMC stabilized Ni nanoparticles.
olymers 98 (2013) 80– 88

above. These nanoparticles will be referred as bared Ni nanoparti-
cles in our future discussion.

2.3. General procedure for the Suzuki-coupling reactions

The Ni nanoparticles were employed as heterogeneous catalysts
for Suzuki-coupling reaction (Table 2). In a typical run, an oven
dried 10 mL  round bottom flask was charged with a known mole
percent of catalyst, cesium carbonate (Cs2CO3) (2.4 mmol), phenyl
boronic acid (1.2 mmol) and aryl halide (1 mmol) in appropriate sol-
vents (4 mL). The flask was placed in a preheated oil bath at required
temperature. After the specified time, the flask was removed from
the oil bath and water (20 mL)  was added, followed by extraction
with ether (4× 10 mL). The combined organic layers were washed
with water (3× 10 mL), dried over anhydrous sodium sulphate and
filtered. Solvent was  removed under vacuum. The residue was  dis-
solved in CDCl3 and analyzed by 1H NMR  signal. Percent conversion
was determined against the remaining aryl halide.

2.4. Characterization

The crystalline phase of the dried powder samples were
analyzed by X-ray diffraction in a X-PERT-PRO Panalytical
diffractometer at an accelerating voltage of 40 kV using Cu K�

(� = 1.5406 Å) as X-ray source. Their size and morphology were
inspected with field emission scanning electron microscopy (Zeiss
Auriga, FESEM). For FTIR characterization, the sample pellets were
first prepared by mixing the nanoparticles with KBr in a 1:100
(w/w) ratio. FTIR spectra were then acquired using this KBr
pellet on a spectrophotometer (Shimadzu FTIR-8400S). The mag-
netic properties were investigated utilizing magnetic properties
measurement system (MPMS) superconducting quantum interfer-
ence device (SQUID) vibrating sample magnetometer (VSM). Field
dependent magnetization (M-H) measurement was performed at
300 K, 200 K and 30 K for Ni nanoparticles and HPMC stabilized Ni
nanoparticles. Temperature dependent magnetization (M-T) mea-
surement was made under zero field cool (ZFC) and field cool (FC)
conditions. The data was recorded in the heating cycle and tem-
perature varies from 15 K to 300 K. M-T  measurement under ZFC
and FC conditions were performed at different magnetic fields of
100 Oe, 200 Oe, 500 Oe, 1000 Oe, 1500 Oe, 2500 Oe  and 5000 Oe for
Ni nanoparticles and HPMC stabilized Ni nanoparticles. 1H NMR
spectra were recorded on JEOL-ECS 400 MHz  spectrometer.

3. Results and discussion

3.1. Formation of nickel nanoparticle

Nickel nanoparticles were synthesized by the reaction of a mix-
ture of nickel (II) chloride in water alcohol mixture (3:1) with
hydrazine hydrate at 60 ◦C by ultrasonic technique in the presence
of hydroxypropylmethylcellulose (HPMC). The conventional reduc-
tion process of nickel using hydrazine hydrate as a reducing agent
in the presence of NaOH was given in the literature as Eq. (1) (Li, Li,
Wang, Li, & Qian, 1999) and Eq. (2) (Gao et al., 2001)

2[Ni(N2H4)3]2+ + 4OH− → 2Ni(s) + N2(g) + 4H2O + 5N2H4 (1)

2Ni(OH)2 + N2H4 → Ni + N2 + 4H2O (2)

3.2. Structure and morphology of the HPMC stabilized nickel

nanoparticles

XRD is employed to scrutinize the crystal phase as well as the
crystal structure of the synthesized Ni nanoparticles. Fig. 2 shows
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ig. 2. XRD pattern of Ni nanoparticles synthesized (a) without stabilizing agent,
b)  with 1 wt%  HPMC and (c) with 2 wt% HPMC.

he XRD patterns of the Ni nanoparticles prepared in aqueous-
lcohol medium both in the absence of protective agent (2a) and
n the presence of 1 wt% and 2 wt% HPMC (2b and 2c) correspond-
ngly. It is evident from the XRD pattern that both 2a and 2b consist
f the diffraction peaks at 2� = 44.5◦, 51.98◦ and 76.4◦ which are
ssigned to the crystal planes (1 1 1), (2 0 0) and (2 2 0) respectively.
he obtained result implies that the as-synthesized Ni nanoparti-
les both in absence and in presence of 1 wt% HPMC exist in pure fcc
tructure (JCPDS card No. 04-0850). In these two patterns no peaks
f hcp nickel are observed. On the contrary, at high concentration
2 wt%) of HPMC, Fig. 2(c) reveals the diffraction peaks at 2� = 38.5◦,
8.9◦ and 72◦ corresponding to the crystal planes (0 1 0), (0 1 2), and
1 1 0) of hcp nickel (JCPDS No. 45-1027) along with the peaks of fcc
ickel. So, we can conclude that the mixture comprises of nickel in
oth fcc and hcp crystalline structure in presence of 2 wt%  HPMC.

t is noticeable that the main peak, i.e. (1 1 1) plane of fcc nickel
verlap with that of (0 1 1) plane of hcp nickel. These results des-
gnate that the low concentration of protective agent prefers the
ormation of fcc nickel whereas high concentration prefers forma-
ion of both fcc and hcp crystalline structure and also the sharp
iffraction peak indicates adequate crystallinity of the synthesized
i nanoparticles.

FESEM is employed in order to study the size and morphol-
gy of nickel nanoparticles and the recorded images are depicted
n Fig. 3. It is quite clear from Fig. 3(a) and (b) that the spheri-
al nickel nanoparticles with an average diameter of 250 nm are
ot well dispersed when prepared without using any stabilizing
r protecting agent, i.e. HPMC. It is also clear from Fig. 3(c) and
d) (with 1 wt% HPMC) and Fig. 3(e) and (f) (with 2 wt% HPMC)
hat the nanoparticle morphology changes with change of HPMC
oncentration only. Fig. 3(c) and (d) shows well dispersed nickel
anospheres with mean diameter of 100 nm in presence of 1 wt%
PMC whereas Fig. 3(e) and (f) displays nanoflower like structure of
ickel nanoparticles with some nanotips extending from the cores
n presence of 2 wt% HPMC and also the nanoflowers form chain-
ike configuration which are fused into each other. So, it is obvious
hat there is a significant influence of the concentration of stabiliz-
ng or protective agent, i.e. HPMC on the resultant Ni nanoparticle
olymers 98 (2013) 80– 88 83

morphology. Nickel nanoparticles with rough surfaces are spherical
in presence of 1 wt% HPMC that is due to the insufficient stabilizer
molecules adsorbed on the faces of nickel crystallite which, in turn,
grows up to form spherical crystallite, followed by the aggregation
to produce spherical nickel nanoparticles. It is understandable that
the nanoparticle size should be decreased with increasing HPMC
concentration owing to the higher absorption rate of stabilizer
molecules. In contrast, the crystallite size increases with increase
in HPMC concentration, which may  contribute to the longer period
for crystal growth. When the concentration of HPMC increases to
2 wt%, the growth rate of the face absorbed HPMC molecules is
lower than that of the face without HPMC molecules. As a result,
nickel crystallite will develop to give tip-like crystallite, afterward
spherical nickel nanoparticles are formed by the aggregation of the
tip-like crystallites.

3.3. FTIR analysis of HPMC stabilized nickel nanoparticles

The HPMC-stabilized nickel nanoparticles are further examined
by FTIR analysis, as shown in Fig. 4. All the samples exhibit char-
acteristics peaks for HPMC. The FTIR spectra of HPMC displays
the peak at 3472 cm−1 attributing to –OH vibrational stretching
shifted to 3458 cm−1 in HPMC stabilized Ni nanoparticles (Yao,
Xu, Lu, & Deng, 2011). The band at 2917 cm−1 is assigned to
the stretching of methyl and propyl group (Van der Weerd &
Kazarian, 2005). The band between 1650 and 1600 cm−1 indicate
the presence of stretching vibration of �C O for six membered
cyclic rings. The asymmetric bending vibrations of the methoxy
group normally appear in the region 1500–1450 cm−1 whereas
the range 1400–1350 cm−1 demonstrates the symmetric vibra-
tions of methoxy group. The band between 1400 and 1350 cm−1

is liable for cyclic anhydrides. The band at 1100–1000 cm−1 reveals
the stretching vibration of ethereal C O C groups and the band
at 1000–950 cm−1 flaunts for the pyranose structure (Sahoo,
Chakraborti, & Behra, 2012). All absorption bands in HPMC sta-
bilized nanoparticles are shifted and also became broader. The
broad absorption band in the 3400 cm−1 region represents hydro-
gen bonding in the polymer and absorbed water.

3.4. Magnetization study

The magnetic properties of the as synthesized nickel nanoparti-
cles are studied by measuring both field dependent magnetization
(M-H) and the temperature dependent magnetization (M-T)
measurements. The variation of magnetization with magnetic
field (M-H) at 30 K, 200 K and 300 K of bared and HPMC stabilized
Ni nanoparticles have been shown in Fig. 5(a) and (b). All the
variations clearly show expected nature of magnetic hysteresis
which is indicative of ferromagnetic ordering. The parameters viz.
saturation magnetization (MS), remanent magnetization (MR) and
coercivity (HC) of this sample at 30 K, 200 K and 300 K has been
presented in Table 1. It is seen that the values of MS, MR and HC are
increased with decreasing temperature from 300 K to 30 K. This is
due to the enhanced interactions of the spin magnetic moments
which are quite regular and usual phenomenon for ferromagnetic
system. This observed trend in HPMC stabilized Ni nanoparticles is
quite similar with that of bared Ni nanoparticles sample. However,
a careful inspection indicates some interesting dissimilarities
for HPMC stabilized and bared Ni nanoparticles. MS varies from
104 emu/g to 107 emu/g in case of bared Ni nanoparticles sample
whereas for HPMC stabilized Ni nanoparticles sample it varies
from 62 emu/g to 66 emu/g. The value of MS is always higher for

bared Ni nanoparticles sample. The values of MS for the HPMC
stabilized nanoparticles are found to be less than that of the bared
nanoparticles which could be due to the nonmagnetic polymer
coating and smaller particle size of the HPMC stabilized particles
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ig. 3. FESEM images of (a and b) bare Ni nanoparticles synthesized without any st
anoparticles synthesized with 2 wt% HPMC.

han that of the bared particles. MR varies from 10 emu/g to
0 emu/g in case of bared Ni nanoparticles sample whereas for
PMC stabilized Ni nanoparticles sample it varies from 10 emu/g

o 18 emu/g. The value of MR is also higher for bared Ni nanopar-
icles sample at low temperature (i.e. 30 K). At 200 K the value of

R is also still slightly higher for bared Ni nanoparticles sample.
owever, at room temperature (300 K) the value of M is more
R
r less same for both varieties of samples; rather HPMC stabilized
i nanoparticles sample shows a very slight higher value than its
ared counterpart. HC varies from 55 Oe to 162 Oe in case bared

able 1
he values of saturation magnetization (MS), remanent magnetization (MR) and coercivit

30 K 

Bared Ni HPMC stabilized Ni 

Saturation magnetization, MS (emu/g) 106.6 66.3 

Remanent magnetization, MR (emu/g) 20.3 18.2 

Coercivity, MR (Oe) 162.0 226.6 
ing agent, (c and d) Ni nanoparticles synthesized with 1 wt% HPMC and (e and f) Ni

Ni nanoparticles sample whereas for HPMC stabilized Ni nanopar-
ticles sample it varies from 133 Oe to 227 Oe. The value of HC is
always higher for HPMC stabilized Ni nanoparticles sample. It can
be also seen that the hysteretic loop area for the HPMC stabilized
nanoparticles is higher than that of the bared particles throughout
the temperature range of 30–300 K (Fig. 5) and thus indicating the
higher magnetic anisotropy and higher magnetic irreversibility of

the HPMC stabilized nanoparticles than the bared nanoparticles.

The observation of more or less comparable value of MR at
room temperature and higher HC values and simultaneous higher

y (HC) of bared Ni and HPMC stabilized Ni at 30 K, 200 K and 300 K.

200 K 300 K

Bared Ni HPMC stabilized Ni Bared Ni HPMC stabilized Ni

104.0 64.7 104.0 62.0
13.4 13.0 9.7 9.9
88.0 132.5 55.0 94.0
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Fig. 4. FTIR spectra of pure HPMC and HPMC stabilized Ni nanoparticles.

erromagnetic loop area throughout the temperature range of

0–300 K for HPMC stabilized Ni nanoparticles is really strik-

ng. Using polymer coating on Ni nanoparticles, the magnetic
roperties should be degraded and that is actually happening
or saturation magnetization throughout the entire temperature

Fig. 5. M–H curves of (a) bared Ni and (b) HPMC stabil
olymers 98 (2013) 80– 88 85

range. The variation of MR and HC is indicative of revealing better
magnetic properties for HPMC stabilized Ni nanoparticles at most
crucial room temperature. Actually, low temperature magnetic
properties studies of this kind of samples are generally performed
to understand the underlying scientific mechanism prevailing in
those systems. But, so far as their application potential partic-
ularly for surfactant property is concerned the most important
is their role at room temperature. So the noteworthy point is
that enhanced surfactant property shows by HPMC stabilized Ni
nanoparticles are at least magnetically comparable (or rather may
partially better) from their bared counterpart.

Temperature dependent magnetization (M-T) data were
recorded in ZFC and FC conditions under different applied magnetic
fields such as 100 Oe, 200 Oe, 500 Oe, 1000 Oe, 1500 Oe, 2500 Oe  and
5000 Oe in the temperature region from 15 K to 300 K for both bared
and HPMC stabilized Ni nanoparticle samples. M-T  curves under
ZFC and FC conditions for bared and HPMC stabilized Ni nanopar-
ticle samples have been presented in Fig. 6. M-T curves under
ZFC and FC conditions at the applied magnetic fields 100 Oe  and
200 Oe indicate more or less similar nature for bared Ni nanopar-
ticles [curves (i) and (ii) of Fig. 6(a)]. The magnetization under
ZFC condition in these two cases monotonically increases with
increasing temperature whereas magnetization under FC condition
remains almost constant. The clear separation between magne-
tization curves under ZFC and FC conditions exist up to 300 K,

indicating a blocking temperature above room temperature (Bai
et al., 2008). Chen et al. also reported the same type of observation
for fcc nickel (Chen et al., 2007). M-T  curves under ZFC and FC con-
ditions at the applied magnetic fields 100 Oe and 200 Oe indicate

ized Ni nanoparticles at different temperatures.



86 D. Maity et al. / Carbohydrate Polymers 98 (2013) 80– 88

F ture cu
fi vii) 50

m
1
F
t
w
t
5
o
n
w
n
F
a
i
o
f
m
t
1
u
w
i
o
o
Z
5
(
Z
t
c
b
a
(
a
e
i
b
m
a
a
c
o
a
d
h

ig. 6. Zero-field-cooled (ZFC) and field-cooled (FC) magnetization versus tempera
eld:  (i) 100 Oe, (ii) 200 Oe, (iii) 500 Oe, (iv) 1000 Oe, (v) 1500 Oe, (vi) 2500 Oe and (

ore or less similar nature except in the low temperature regime of
5–25 K for HPMC stabilized Ni nanoparticles [curves (i) and (ii) of
ig. 6(b)]. In this low temperature regime (15–25 K) the magnetiza-
ion curves under ZFC and FC conditions indicate decreasing trend
ith increasing temperature. But the trend for bared Ni nanopar-

icles M-T  variation under ZFC and FC conditions at magnetic field
00 Oe and 1000 Oe is remarkably different [curves (iii) and (iv)
f Fig. 6(a)]. All the four curves shows increasing trend of mag-
etization from 15 K to 150 K and after that it gradually decreases
ith increasing temperature. The separation between these mag-
etization curves at ZFC and FC conditions [curves (iii) and (iv) of
ig. 6(a)] decreases slightly in comparison to same variations taken
t 100 Oe and 200 Oe [curves (i) and (ii) of Fig. 6(a)]. The most strik-
ng thing is that presence of nearly a peak in all of the curves as
bserved in Fig. 6(a) (iii) and (iv) is absent in Fig. 6(b) (iii) and (iv). So
or HPMC stabilized Ni nanoparticles exhibit increasing trends for

agnetization curve under ZFC condition at 500 Oe with increase in
emperature. But the magnetization curve under ZFC condition at
000 Oe show broad hump like feature. And magnetization curves
nder FC condition at 500 Oe and 100 Oe indicate decreasing trend
ith increase in temperature. Simultaneously the decreasing trend

n magnetization in the low temperature regime [15–25 K] in all
f the curves in HPMC stabilized Ni nanoparticles has also been
bserved as similar to Fig. 6(b) (i) and (ii). M-T  variations under
FC and FC conditions for higher fields such as 1500 Oe, 2500 Oe and
000 Oe for bared Ni nanoparticles has been presented in Fig. 6(a)
v), (vi) and (vii). A clear separation between M-T  curves under
FC and FC conditions measured at 1500 Oe have been observed up
o 175 K. After 175 K both the curves are merged [Fig. 6(a) (v)]. In
ase of M-T  variations taken at higher fields 2500 Oe and 5000 Oe
oth magnetization curves under ZFC and FC conditions merged
ltogether throughout the entire temperature range [Fig. 6(a) (vi),
vii)]. It is quite expected. Actually the fields 2500 Oe and 5000 Oe
re higher in comparison to the required field to attain MS in the
ntire temperature range of 15–300 K. But in case of 1500 Oe field
t is higher field with respect to the field to attain MS at 300 K
ut is lower than MS attaining field at 15 K. So at 1500 Oe field,
erger of M-T  curves under ZFC and FC conditions takes place

round 175 K. M-T  variations under ZFC and FC conditions for fields
t 1500 Oe, 2500 Oe and 5000 Oe for HPMC coated Ni nanoparti-
les has been presented in Fig. 6(b) (v), (vi) and (vii). The features

f these curves are similar to features of the curves 6(a) (v), (vi)
nd (vii) except in the low temperature regime [15–25 K], where
ecreasing trend of magnetization with increase in temperature
as again been observed.
rves of (a) bared and (b) HPMC stabilized nickel nanoparticles at applied magnetic
00 Oe.

Actually the striking dissimilarities that has been observed
between bared and HPMC stabilized Ni nanoparticles are as follows:
the decreasing trend of M(T) in low temperature regime of 15–25 K
with increase in temperature for HPMC stabilized Ni nanoparti-
cles is totally absent in bared Ni nanoparticles. Secondly, a distinct
peak like feature has been observed in M(T) curves for bared Ni
nanoparticles around 150 K at measuring magnetic field of 500 Oe
and 1000 Oe only. No such peak has been detected in any M-T  vari-
ations for HPMC stabilized Ni nanoparticles. Beside, the absolute
values of magnetization is slightly less in case of HPMC stabilized Ni
nanoparticles in comparison to their bared Ni nanoparticles coun-
terpart. It is expected due to coating of nonmagnetic polymer and
smaller particle size in HPMC stabilized Ni nanoparticles.

3.5. Catalytic activity of Ni nanoparticle for Suzuki coupling
reactions

Colloidal metal nanoparticles have attracted a lot of attention as
catalyst for many organic reactions, because they have a character-
istic high surface-to-volume ratio and consequently, a large fraction
of the metal atoms are located at the surface and thus available
for catalysis. The fact, that copper(I) species have started receiving
attention as inexpensive catalysts for bringing about Suzuki type
C–C cross coupling reactions, has prompted us to explore such cat-
alytic properties in the Ni. The catalytic activity has been examined
for Suzuki type coupling of phenylboronic acid and aryl halides
to yield the biphenyl product. Six different aryl halides (viz. p-
haloacetophenone (halo = chloro and bromo), p-halobenzaldehyde
and p-halobenzonitrile) have been used for the Suzuki reaction
with phenylboronic acid. The targeted coupling reactions were
achieved, under relatively mild experimental condition, in reason-
ably high yield (Table 2). For example, using 1 mol  wt% of the
Ni-catalyst, the Suzuki coupling between p-bromoacetophenone
and phenylboronic acid was achieved in excellent yield (entry
1). However, while p-chloroacetophenone was used instead of p-
bromoacetophenone, yield of the biphenyl product dropped to
62 wt% (entry 4). Besides, changing the para-substituent in the
halobenzenes is also found to have significant influence on the yield
of the biphenyl product (entries 1–3 and entries 4–6). We  have
also carried out the same coupling reaction in absence of catalyst
(entry 7) and found <5% yield after 24 h which firmly establish the

necessity of Ni catalyst to carryout Suzuki coupling reaction. The
observed catalytic efficiency of these HPMC stabilized Ni nanopar-
ticles, though not remarkably high, are found to be comparable
to those found in the literature for similar nickel-catalyzed Suzuki
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Table 2
Suzuki cross-coupling of aryl halides with phenylboronic acid.a

X B(OH)2

R

+
Ni Catalyst

Ethyleneglycol, Cs2CO3
100oC, 20h

R

Entry R X Conversionb (%)

1 COMe Br >99
2  CHO Br 90
3  CN Br 87
4  COMe Cl 62
5  CHO Cl 51
6  CN Cl 44
7c COMe Br <5

a Reaction composition: aryl halide (1.0 mmol), phenylboronic acid (1.2 mmol). Cs2CO3 (1.7 mmol), Ni-catalyst, solvent (4 mL).
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b Determined by 1H NMR on the basis of residual aryl halide (Albisson, Bedford, N
 Crabtree, 2001).
c Reaction carried out in absence of catalyst.

oupling reactions. Also, it is a well known fact that polymer capped
anoparticles represent semi-heterogeneous catalytic system, as
resence of polymer increases the interaction in the organic phase
Khurana & Vij, 2012). So, in addition to promoting enolization,
PMC stabilized Ni nanoparticles act as semi-heterogeneous high

urface area catalyst and promote Suzuki type coupling reaction.

.6. Typical procedure for the recycling of the Ni nanoparticles
catalyst)

Given the high efficacy of these nano-sized catalysts in the
uzuki-coupling reaction, their recyclability was  then investigated
s the separation and recycling of catalysts are still the key steps
n heterogenous catalysis to ensure reusability and avoid unde-
ired contamination in the final products. The nickel nanoparticles
ere easy to recover due to their good magnetic property. After

he catalytic reaction, the reaction mixture was centrifuged and
he Ni-nanoparticles were deposited as solid mass at the bottom of
he centrifuge tube. The catalysts were reused after washing with
bsolute ethyl alcohol and treating under vacuum at 60 ◦C for 10 h.
he same process was repeated after each reaction cycle to iso-
ate and reuse the Ni-nanoparticles as catalyst. The present study
hows that Ni nanoparticles have good catalytic properties in the
uzuki-coupling reaction and are easy to reuse.

. Conclusion

The polymer coated fcc Ni nanoparticles have been synthesized
sing nickel chloride with hydrazine hydrate in presence of hydrox-
propylmethylcellulose (HPMC) in mixed solvent of ethanol and
riple distilled water via a simple and reliable one-pot reaction
n an ambient atmosphere. The protective agent hydroxypropy-
methylcellulose (HPMC) plays an important role to control the
hape and size of polymer coated Ni nanoparticles. The synthe-
ized Ni nanoparticles have been characterized by XRD, FTIR and
ESEM analysis. A comparative study of structure and magnetic

roperties of HPMC stabilized and bare Ni nanoparticles have been
arried out. The results of magnetic characterization showed that
he polymer stabilized Ni nanoparticles exhibited quite different

agnetic properties than those of the bare Ni nanoparticles. These
& Lawrence, 1998; Chen, Liu, Peng, & Liu, 2005; Evans et al., 2005; Peris, Mata, Loch,

resultant spherical Ni nanoparticles with high coercivity could be
used as excellent high density magnetic recording materials. This
method is simple, low cost and suitable for large-scale production
of nanostructure Ni nanoparticles. Finally, it is concluded that the
synthesized Ni nanoparticles shows excellent catalytic activity and
recyclability toward Suzuki coupling reaction.
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