PRAMANA
— journal of

c Indian Academy of Sciences
°

physics

Vol. 72, No. 3
March 2009
pp. 577–586

Reduction mechanism of Ni2+ into Ni
nanoparticles prepared from different precursors:
Magnetic studies
R S NINGTHOUJAM1,∗ , N S GAJBHIYE2 and SACHIL SHARMA2
1

Chemistry Division, Bhabha Atomic Research Centre, Mumbai 400 085, India
Department of Chemistry, Indian Institute of Technology, Kanpur 208 016, India
∗
Corresponding author. E-mail: rsn@barc.gov.in
2

MS received 21 May 2008; revised 17 November 2008; accepted 13 January 2009
Abstract. The reduction mechanism of Ni2+ into Ni particles using different precursors
such as NiCl2 solution, NiO powder and Ni[(NH3 )6 ]Cl2 complex has been established.
Different particle sizes can be designed from these precursors. The smallest crystallite size
(12 nm) can be obtained from Ni[(NH3 )6 ]Cl2 complex in the presence of the stabilizing
ligand (oleic acid). The field-cooled (FC) and zero-field-cooled (ZFC) magnetization of
Ni particles obtained from Ni[(NH3 )6 ]Cl2 complex in the temperature range 5–300 K
established the ferromagnetic interaction up to 300 K. The magnetization values at three
different temperatures 5, 70 and 300 K are 50.2, 49.5 and 45.5 Oe respectively at 3×104 Oe
applied field and such values are less than that of the bulk value. The Curie temperature
(Tc ) decreases slightly with the decrease of particle size. This study will provide guidance
in the preparation of metal nanoparticles from different precursors.
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1. Introduction
Metal nanoparticles have been extensively studied because of their unique properties in optical, electrical, and catalytic applications. The particle size, shape and
distribution in dispersion medium are some of the important parameters to control
the properties of these materials. Magnetic materials such as Fe, Co and Ni have
been synthesized using various routes such as: polyol [1–4], hydrazine [5], borohydride [6–8], γ-ray irradiation [9], metal-carbonyl pyrolysis [2,10–16], reverse micelle
formation [17], evaporation technique [18,19], template synthesis [20], etc. Polyol
has often been used for reduction of metal ions to metal particles as it serves as a
solvent medium, reducing agent as well as stabilizing ligand. Since ethylene glycol
(EG, HOCH2 CH2 OH) has the least number of carbon atoms in a molecule (i.e.
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2C) among other glycols in the polyol route, it can easily be removed by washing
with ethanol or acetone. Besides, it is a low cost chemical. However, compared to
other glycols, EG needs higher temperature for the reduction process of metal ions
to metal particles [14].
Among the magnetic transition metal elements, Ni exhibits better stability in
air. Ni can be prepared by various routes which include: NiCl2 reduction in H2
atmosphere above 500◦ C [21], NiCl2 reduction in the presence of N2 H2 ·H2 O [5],
Ni(NH2 )·2NH3 decomposition in vacuum at 580◦ C [22], NiCl2 and Na reaction in
Ar atmosphere [23]. Also, [Ni(NH3 )6 ](NO3 )2 can be decomposed into Ni in NH3
atmosphere at 600◦ C [24]. All these processes need high temperature treatment. It
has been reported that by using polyol route, Ni sub-micron size particles can be
prepared at 190◦ C for 10 h [3,4]. However, it is desirable to prepare Ni nanoparticles at lower temperature so that narrow particle size distribution and improved
dispersability of nanoparticles in solvent can be obtained. One way is to choose
a precursor compound with weaker metal–ligand (M–L) bond as starting material
since it can be decomposed easily to give well-dispersed metal nanoparticles at low
temperature with a short duration of heat treatment.
The reduction mechanism for the conversion of metal ions (Mn+ ) to metal
nanoparticles (M0 ) from three phases – liquid phase, powder phase and complex
phase – has not been studied in detail so far. As an example, we have demonstrated
the reduction mechanism of three precursors such as NiCl2 solution, NiO powder
and Ni[(NH3 )6 ]Cl2 complex with and without surfactant for the preparation of Ni
particles in the presence of EG. The particle sizes can be controlled by these precursors. Low and high temperature magnetic measurements of Ni particles have
been presented. This study will help in understanding the reduction process from
metal ion to metal nanoparticles.
2. Experimental section
Ni particles are prepared by different precursor routes: (1) 10 ml of 0.1 M solution
of NiCl2 ·6H2 O is mixed with 80 ml of ethylene glycol (EG) in the two-necked round
bottom flask. It is heated at 190◦ C for 12 h. Formation of Ni particles is clearly
seen in the form of gray-black turbidity. (2) 20 mg of NiO powder is mixed with
100 ml of ethylene glycol in two-necked round bottom flask. It is heated at 190◦ C
for 12 h to obtain gray-black turbidity. (3) 100 mg of [Ni(NH3 )6 ]Cl2 is mixed with
100 ml of ethylene glycol. The formation of Ni particles started after heating it
at 150◦ C for 3 h. (4) 50 mg of [Ni(NH3 )6 ]Cl2 is mixed with 20 ml of oleic acid
(stabilizer) and 100 ml of ethylene glycol. The formation of Ni particles started
after heating it at 150◦ C for 3 h. All experiments have been carried out in N2
atmosphere during reduction process.
The powder X-ray diffraction (XRD) patterns of Ni particles are recorded in
the 2θ-range of 20–100 with CuKα radiation and Ni filter using PW1710 powder
X-ray diffractometer. The average crystallite size (t) was calculated from the line
broadening using Scherrer relation: d = 0.9λ/B cos θ, where λ is the wavelength of
X-rays and B is the corrected full-width at half-maximum. Transmission electron
microscopic (TEM) images are carried out using CM 200 Phillips.
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Figure 1. (a) XRD patterns of Ni particles prepared from different precursors (a) NiCl2 and (b) [Ni(NH3 )6 ]Cl2 precursors and (c) [Ni(NH3 )6 ]Cl2 with
oleic acid.

Cyclic voltmetry is done for reduction potential measurements with model: Potentiostate 603 VA Stand, Metrohm using Ag/AgCl as the reference electrode. 1 H
and 13 C NMR spectra are recorded with a Brunker DPX-300 NMR spectrometer
operating at 300 MHz. Chemical shifts are relative to the internal CDCl3 peak
at δ = 7.2 ppm for proton and at 77.1 ppm for carbon. Magnetization data are
recorded using an MPMS SQUID (superconducting quantum interference device)
magnetometer for low temperature study and vibrating sample magnetometer (Parmodel 150 A parallel field in conjunction with a Varian model V-7200 electromagnet
assembly that provides a magnetic field up to 11.5 kOe) for high temperature study.
3. Results and discussion
The precursor routes (1) and (2) follow similar reduction process whereas the precursor routes (3) and (4) follow another reduction process. Precursor routes (1)
and (2) need higher temperature and more duration of heat treatment compared
to routes (3) and (4). It is suggested that [Ni(NH3 )6 ]Cl2 decomposes to Ni metal
easily.
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Figure 2. TEM image of Ni particles obtained from reduction of
[Ni(NH3 )6 ]Cl2 .

The X-ray diffraction patterns of Ni particles prepared from NiCl2 and
[Ni(NH3 )6 ]Cl2 and Ni[(NH3 )6 ]Cl2 with oleic acid are shown in figure 1. Ni particle prepared from [Ni(NH3 )6 ]Cl2 precursor crystallizes in cubic fcc structure with
the lattice parameter, a = 3.523 Å. The full-width at haft-maximum intensity is
calculated from the highest peak at (1 1 1) plane and increases in the order (c) >
(b) > (a) from (a) NiCl2 , (b) Ni[(NH3 )6 ]Cl2 and (c) Ni[(NH3 )6 ]Cl2 with oleic acid
precursors.
The crystallite sizes of Ni particles prepared from [Ni(NH3 )6 ]Cl2 and NiCl2 precursor are found to be ∼20 and ∼38 nm respectively. However, Ni particles prepared from [Ni(NH3 )6 ]Cl2 and stabilizing agent oleic acid have a crystallite size of
∼12 nm. The crystallite size of Ni particles prepared from NiO powder is found to
be 35 nm, which is the same as that from NiCl2 precursor.
Typical TEM image of Ni particles obtained from the reduction of [Ni(NH3 )6 ]Cl2
is shown in figure 2. The shape of the particles is spherical with an average particle
size of 50 nm, which is more than that of the crystallite size determined from XRD.
It suggests the agglomeration of crystallites in a particle.
Since the precursor routes (1) and (2) follow similar reduction process while
the precursor routes (3) and (4) follow another reduction process, NiCl2 precursor (1) and [Ni(NH3 )6 ]Cl2 precursor (3) are selected in order to study reduction
process by the cyclic voltmeter. Figure 3 shows the current vs. applied potential
(I–V characteristic). The reduction potential of Ni2+ /Ni in solution and that of
Ni[(NH3 )6 ]2+ /Ni in solution are measured by cyclic voltmeter and are found to be
−0.97 and −0.83 V respectively with respect to Ag/AgCl electrode. It means that
Ni[(NH3 )6 ]Cl2 can be reduced to Ni easily compared to Ni2+ in NiCl2 solution. It
can be explained that Ni2+ in Ni[(NH3 )6 ]2+ is surrounded by 6NH3 molecules to
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Figure 3. Current vs. applied potential (I–V ) of (a) NiCl2 solution and (b)
[Ni(NH3 )6 ]Cl2 solution.

Figure 4. 1 H NMR spectrum of the medium after reaction of EG and
[Ni(NH3 )6 ]Cl2 to produce Ni particles. Inset shows the peak position of CHO
at 8.5 ppm after magnification.

form Ni–NH3 bond. Ni–NH3 bond is very weak and NH3 molecule can be detached
easily to form stable NiO/Ni(OH)2 in the presence of oxygen/alkaline medium. Because of this, the reduction potential of Ni2+ /Ni in solution is more than that of
Ni[(NH3 )6 ]2+ /Ni in solution.
1
H NMR spectrum of the reaction medium after reduction of [Ni(NH3 )6 ]Cl2 complex to Ni particles in EG confirms a very weak peak at 8.5 ppm, which is a characteristic of CHO group present in the medium (figure 4). Such weak peak is reported
elsewhere [25,26]. It may be due to oxidation of EG during the reaction. However,
13
C NMR spectrum of this does not show a characteristic peak of CHO group (figure 5). From these, we can suggest that a very little amount of CHO is present in
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Figure 5. 1 C NMR spectrum of the medium after reaction of EG and
[Ni(NH3 )6 ]Cl2 to produce Ni particles. Inset shows that there is no peak
position of CHO after magnification.

the system and it might even convert into original EG after reaction with water. We
could not see the presence of NH3 because during reduction process at 150–190◦ C,
all NH3 molecules are coming out. Ni nanoparticles could not be observed in NMR
spectrum even if it is present because it is ferromagnetic. Only diamagnetic species
could be seen clearly in NMR spectrum. Similar observation is obtained in the case
of reduction of NiCl2 to Ni particles.
Figure 6 shows the temperature-dependent magnetization (both field-cooled (FC)
and zero-field-cooled (ZFC)) of Ni particles prepared from [Ni(NH3 )6 ]Cl2 precursor
in the temperature range 5–300 K in two different applied magnetic fields 50 and
1000 Oe. At 1000 Oe, ZFC and FC curves merge in the temperature range 5–300 K,
but at 50 Oe, they remain separated up to 300 K indicating room temperature ferromagnetic interaction. In demagnetized state, there are many domains separated
by domain walls. With increase of applied field, number of domain walls decreases
and at high field, no domain wall is available and hence, the system becomes a
single domain and aligns with the applied field. Hence both ZFC and FC curves
merge at higher external field (say 1000 Oe). Figure 6 shows the field-dependent
magnetization (M H) at three different temperatures 5, 70 and 300 K up to magnetic field 3 × 104 Oe for Ni particles prepared from [Ni(NH3 )6 ]Cl2 . Magnetization
values at 5, 70 and 300 K are 50.2, 49.5 and 45.5 emu/g respectively at 3 × 104
Oe. The reported value of magnetization at 300 K for nanocrystalline Ni particles
prepared by hydrazine (N2 H4 ·H2 O) is 46 emu/g [5], but the bulk values of Ni are
54.4 and 57.5 emu/g at 300 and 5 K respectively [21]. It means that our magnetization value is less than the bulk value. Such reduction of magnetization value
can be attributed to particle size effect. With decrease in particle size, surface area
to bulk ratio increases. The canted spin structures at the surface arise for magnetic nanoparticles and hence, net moment is less than bulk value. Inset of figure
7 shows the expansion of M H curve to indicate the nature of hysteresis loop at
lower applied magnetic field. The intrinsic coercivity (Hc ) decreases with increase
582
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Figure 6. Magnetization (ZFC and FC)
vs. temperature of Ni particles prepared
from [Ni(NH3 )6 ]Cl2 precursor.

of temperature. The Hc at 5, 70 and 300 K are 252, 225 and 172 Oe respectively.
The Hc value of 193 Oe at 300 K for the nanocrystalline Ni particles prepared by
hydrazine was reported in [5].
Figure 8 shows the high temperature magnetization of Ni particles prepared from
different precursors such as NiCl2 , [Ni(NH3 )6 ]Cl2 and [Ni(NH3 )6 ]Cl2 with stabilizer (oleic acid) and their Curie temperature (Tc ) values are found to be 354, 350
and 347◦ C respectively. The applied field during magnetic measurement (M –T )
is 50 Oe. These Tc values are slightly less than bulk value of 358◦ C [21]. Such
reduction of Tc can be attributed to the particle size effect. As the particle size decreases, the finite size effects dominate the magnetic properties of fine particles due
to surface effects [27–35]. For example, a particle having a radius of 3 nm has 70%
of atoms on the surface [27]. Surface atoms are different from core in directions of
spins. Surface spin canting effect has been observed in many nanoparticles [27–35].
In addition to this, coordination number is reduced on the surface atom compared
to bulk counterparts. It weakens the exchange interaction of the surface atoms with
the surrounding one. This leads to the reduction of the saturation magnetization
and Curie temperature in the case of nanoparticles.
4. Conclusion
[Ni(NH3 )6 ]Cl2 complex with and without oleic acid is better precursor for the preparation of Ni nanoparticles at lower temperature with short duration of heating compared to NiCl2 solution and NiO powder precursors. The reduction potentials of
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Figure 7. Magnetization vs. field (M H) of Ni particles prepared from
[Ni(NH3 )6 ]Cl2 precursor at different temperatures. Inset shows its expansion
of magnetization vs. field near the lower applied field.

Figure 8. Magnetization vs. temperature (M T ) of Ni particles prepared
from (a) NiCl2 , (b) [Ni(NH3 )6 ]Cl2 and (c) [Ni(NH3 )6 ]Cl2 with oleic acid to
show the Curie temperature.

Ni+2 /Ni0 in NiCl2 solution and in [Ni(NH3 )6 ]+2 complex ion are found to be −0.98
and −0.84 V respectively with respect to Ag/AgCl electrode. The temperaturedependent magnetization (both field-cooled (FC) and zero-field-cooled (ZFC)) of
Ni particles (12 nm) prepared from [Ni(NH3 )6 ]Cl2 shows that both curves are
584
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separated at lower field, but merge at higher field since at higher field, domain
walls are removed. The magnetization values are less than those of bulk values
of Ni particles. Such reduction of magnetization is due to particle size effects.
The intrinsic coercivity (Hc ) decreases with increase of temperature. The Curie
temperature (Tc ) decreases with decrease of particle size.
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