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Abstract Homogeneous nickel oxide (NiO) nanoparti-

cles with different sizes between 6 and 30 nm with narrow

size distribution and low agglomeration were synthesized

successfully by using different precipitated precursors and

heat treatment under certain conditions. Powders were

analyzed by different characterization methods. X-ray

diffraction patterns revealed that the sizes of nanoparticles

synthesized by nickel hydroxide and nickel oxalate pre-

cursors are under 10 nm, which are in good agreement with

transition electron microscopy and field emission electron

microscopy results. According to the vibrating sample

magnetometer data, the NiO nanoparticles with sizes about

6 nm show superparamagnetic behavior. For superparam-

agnetic particles, the magnetization at maximum applied

field of 20 kOe is 2.46 emu g-1.

Keywords Synthesis � Different precursors � Nickel
oxide nanoparticles � Superparamagnetism

Introduction

Magnetic nanoparticles have found widespread applica-

tions in modern electronics and other advanced industries

due to their morphology and unique physical properties

(O’Handley 2000; Gleiter 2000; McHenry and Laughlin

2000; Makhlouf et al. 1997). In magnetic nanoparticles, the

surface spins dominate the magnetization due to their lower

coordination and uncompensated exchange couplings. This

in turn leads to enhanced magnetic properties (Cullity and

Graham 2009). Recently, there are many investigations,

which show the dependency of coercivity on particle size.

With reduction in particle size, the coercivity is increased

until a certain maximum value. At such critical points, the

multi-domain state changes to a single-domain state.

Continuing to further reduce the particle size, the exchange

coupling energy decreases and becomes comparable to the

thermal energy, KT, which leads to superparamagnetic

phenomena (Jeong et al. 2007; Mathew and Juang 2007;

Faraji et al. 2010).

More recently, magnetic properties of the transition

metal oxide nanoparticles such as NiO, c-Fe2O3, NiFe2O4,

CoFe2O4, and MgFe2O4 with antiferromagnetic ordering of

magnetic spins have gained renewed interests due to their

fascinating properties such as superparamagnetism,

enhanced magnetic moments, and field reversal caused by

quantum tunneling (Richardson and Milligan 1956; Chen

and Zhang 1998). Recently, the effect of spin arrays in the

interface of antiferromagnetic (AF) and ferromagnetic

(F) materials entitled as exchange bias coupling has been

wildly studied, which provides a unidirectional magnetic

anisotropy at F/AF interface resulting a hysteresis loop

shift. This property has wide application in modern mag-

netic field spin valve devices. The AF NiO nanoparticles

are good candidate as spin valve devices due to meeting of
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TN above the room temperature (523 K), which require an

AF/F (ferromagnet) interface to produce exchange bias at

room temperature (Yi et al. 2007; Karthik et al. 2011). A

complex magnetic structure with as many as eight sublat-

tices has been observed in NiO nanoparticles, in contrast to

bulk NiO, which has a simple two-sublattice structure. The

different alignments of magnetic moment in different

sublattices cause net magnetic properties in the material. It

has been earlier suggested that fine particles of NiO should

exhibit weak ferromagnetism or superparamagnetism

(Richardson et al. 1991). NiO superparamagnetic particles

have many applications such as magnetic data storage,

high-sensitivity sensors/giant magnetoresistance (GMR),

magnetic resonance imaging (MRI), and drug delivery

(Jeong et al. 2007).

Several chemical methods have been used and developed

for synthesizing crystalline nickel oxide nanopowders.

Traditional chemical synthesis methods used for this pur-

pose have often led to produce agglomerated nanoparticles

with sizes larger than 20 nm (BahariMollaMahaleh et al.

2008; Tao and Wei 2004; Zhou et al. 2006). The aim of the

present work was to synthesize modified monodispersed

superparamagnetic NiO nanoparticles with sizes below 10

nm in a controlled manner through a precipitation–calcina-

tion route, as a simple and cost-effective method. In order to

control the size and morphology of NiO particles, three

precursors of nickel hydroxide, nickel carbonate, and nickel

oxalate were employed, and the role of each was investi-

gated. Calcination temperatures and types of solvent were

varying in every precursor. It is worth noting that no sur-

factant was used in this process in order to reduce the pro-

duction cost and make it more suitable for mass production.

Experimental

Analytical grade reagent nickel nitrate Ni(NO3)2�6H2O was

used as a nickel agent in all experiments. Oxalic acid

(H2C2O4�2H2O), ammonium carbonate [(NH4)2CO3], and

NaOH solutions as precipitators for nickel oxalate (NiC2-

O4�2H2O), nickel carbonate (NiCO3), and nickel hydroxide

[Ni(OH)2] powders were used. All precursors were syn-

thesized in aqueous media for both hydroxide and oxalate

precursors; in addition to using aqueous solutions, alkaline

solutions were used. During the continuous condition of

magnetically stirred nickel nitrate solution, the same con-

centrations of precipitators were added for all precursors.

During the precipitation, the suspension was kept at room

temperature and stirred constantly (2.5 ml min-1). After

precipitated precursors formed, they were held under

mother circumstances for 3 h as aging step. Filtering and

washing with distilled water and ethanol for three times

were done subsequently for removing repeated ions. After

drying at 70 �C for 24 h, the precursors were then heated in

air at 300 and 450 �C for 2 h. The calcined product was

pulverized and used for characterization. The final products

were distinguished based on the types of precursors and

solvents; nickel oxide nanoparticles obtained via carbonate

precursors at two calcination temperatures were labeled:

C300, C450, hydroxide precursors: H300, H450, oxalate

precursors: O300, O450, and samples of final nickel oxide

obtained via oxalate and hydroxide precursors with used

ethanol solvent at 450 �C are labeled orderly OE450,

HE450.

The thermal decomposition behavior of the precursor

was investigated by thermogravimetric analysis (TG) and

differential thermal analysis (DTA) on a Netzsch-STA

1640 thermal analysis device. This analysis was carried out

in air at a heating rate of 10 �C min-1 up to 700 �C. X-ray
diffraction (XRD) patterns were obtained at a scanning rate

of 10� min-1 with 2h ranging from 10� to 80� using a fully

automated Philips diffractometer using a CuKa

(0.15406 nm) radiation source. Individual XRD peak pro-

files belonging to (110), (200), (220), (311), and (222)

planes were extracted, and the optimum linear combina-

tions of Cauchy and Gaussian type functions were fitted to

the peak profiles after background removal. Rachinger’s

correction was carried out to resolve the a1–a2 doublets,

Fig. 1 a, b TG/DTA results of thermal decomposition of three precursors done in the air
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accordingly (Warren 2007). Data from the peak profile

were analyzed with classic Williamson–Hall method, and

particles size was determined. The morphologies and

dimensions of the product particles were observed by field

emission scanning electron microscopy (FESEM) using

acceleration voltage of 30 kV (S-4160 Hitachi) and tran-

sition electron microscopy (TEM) on a PEG CM200

transition electron microscope using an accelerating volt-

age of 100 kV. The data of specific surface area are mea-

sured by BET using nitrogen adsorption isotherms at 77 K

by Belsorpmini surface analyzer. The magnetic properties

of the particles were measured at room temperature using a

vibrating sample magnetometer (VSM) in a maximum

applied field of 8 kOe.

Results and discussions

The precursors of nickel oxide nanoparticles were appro-

priately precipitated via three reactions under solution

circumstances as follows.

2H2Oþ C2O
2�
4 þ Ni2þ ! NiC2O4 � 2H2O ð1Þ

Ni2þ þ 2OH� þ xH2O ! NiðOHÞ2 � xH2O ð2Þ

Ni2þ þ CO�
3 þ xH2O ! NiCO3 � xH2O ð3Þ

Figure 1 shows the TG/DTA results of thermal

decomposition of three precursors in air. The

decomposition process consists of two steps: The first step

is the dehydration of the sample and second is thermal

decomposition. Figure 1a shows the TG analysis, in which

two decreasing processes are obviously discernible, the first

one is in the range of 50 till 250 �C due to weight losing of

physical water, crystalline water, and humidity in pores, and

the second one is attributed to NiO decomposition

procedure that varies according to precursors.

The amounts of weight losing of hydroxide precursor

are less than other two precursors. The DTA analysis of

three precursors (Fig. 1b) shows two peaks related to the

dehydration and decomposition processes. The decompo-

sition of hydroxide precursor starts at lower temperature,

which is due to the nominal possession of excessive ions

exist in the structure of hydroxide precursor. On the other

hand, the observed exothermic peak in DTA of oxalate

precursors indicates a unique nature of decomposition

process for this precursor; which could be due to the

simultaneous decomposition of the anhydrous oxalate and

oxidation of metallic nickel (Malecka et al. 2007).

Figure 2 shows the heat treatment of two precursors

with different solvents. For both precursors, the amounts of

weight losing in alkaline solvents are less than aqueous

solution while the decomposition of alkaline precursors

begins later. Taking this into account, it can be concluded

that the type of solvent affects chemically on surface

absorption properties of precursors formed in solution such

as hydrogen bonding of adjacent particles and formation of

particle chains, in which aggregation phenomena can be

resulted.

Fig. 2 TG/DTA results of

thermal decomposition of

a oxalate and b hydroxide done

in the air for two kinds of

solvents: aqueous and ethanol
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Figure 3 shows the XRD pattern of nickel oxide

nanoparticles prepared by the chemical route. The product

is a single-phase NiO with a cubic structure; the diffraction

data are in good agreement with JCPDS card of NiO

(JCPDS 01-1239). No impurity peaks were observed in the

XRD patterns.

As shown in Fig. 3a–c, within the order of carbonate-,

hydroxide-, and oxalate-based precursors, the intensity and

sharpness of all the reflections in the XRD pattern of NiO

decrease, which indicates that NiO obtained via oxalate

precursor is poorly crystallized. The broadening effect of

NiO obtained via oxalate precursor may be attributed to the

crystallite sizes and increased degree of disordering owing

to the existence of crystalline defects and adsorption of

inorganic anions (Song et al. 2002). Alkaline solvents have

also effect on the peak width especially for sample pre-

pared by hydroxide precursor, by which crystallite sizes are

shifted to lower value (Fig. 3d, e). Figure 3f–h reveals that

increasing calcination temperature to 450 �C causes all the

reflection peaks become sharper, which suggests the crys-

tallite size and crystallinity of as-calcined NiO increase

with increasing calcination temperature.

Crystallite size of synthesized NiO powder was mea-

sured by using the Williamson–Hall formula, which is

given by Eq. 4 (Czichos et al. 2006).

b ¼ 1

d
þ 2eK ð4Þ

where b is the integral width of the peaks, d is the particle

size, e is the lattice distortion, and K is the diffraction

vector. Table 1 displays the crystallite sizes measured by

XRD analysis and specific surface area values according to

the BET measurements for particle sizes with assuming

spherical shape. Crystallite and particle sizes increase with

increasing the temperature; also using ethanol as solvent

and heat treatment at 300 �C, particle sizes below 10 nm

can be achieved. All data are in good agreement with the

XRD peak patterns.

The surface morphology of nickel oxide nanoparticles at

two calcination temperatures is shown in Fig. 4. The

FESEM images indicate that NiO powder has been pre-

pared with spherical shape. As shown in Fig. 4, increasing

annealing temperature causes nanoparticles to dwell in

well-suited places with homogeneous distribution. Lower-

ing annealing temperature, the NiO particle sizes decrease

below 20 nm, at which the agglomeration is an inevitable

phenomenon due to the higher specific surface area. The

best distribution of samples with suitable uniformity at

450 �C belongs to the oxalate precursor. The largest par-

ticle sizes at both calcination temperatures belong to NiO

particles prepared by carbonate precursor, which is in good

agreement with the data of Table 1.

Figure 5 shows the surface morphology of samples

prepared in alkaline solvent. As shown above, the

agglomeration of nickel oxide nanoparticles at lower

annealing temperature has been amended using ethanol. As

shown in Fig. 5, NiO nanoparticles with uniform particle

size distribution have been prepared in this work, as

Fig. 3 X-ray diffractogram of prepared nickel oxide nanoparticles.

a C300, b H300, c O300, d HE300, e OE300, f C450, g H450, h O450
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Table 1 Crystallite and particle sizes of NiO nanoparticles

Samples DXRD (nm) SSA (m2 g-1) DBET (nm)

O300 10.50 78.90 11.40

H300 12.20 71.39 12.60

C300 14.70 58.79 15.30

O450 17.60 49.42 18.20

H450 19.20 44.31 20.30

C450 31.60 25.41 35.40

OE300 6.00 149.92 7.10

HE300 7.50 119.94 8.20

SSA specific surface area

Fig. 4 FESEM images of prepared nickel oxide nanoparticles a O300, b H300, c C300, d O450, e H450, f C450

Fig. 5 FESEM of NiO nanoparticles a OE300, b HE300
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compared to the results obtained in other investigations

(Xiang et al. 2002; Estelle et al. 2003).

The average size of nickel oxide nanoparticles of OE300

as can be observed in the TEM image is below 10 nm.

Inset in Fig. 6 shows the electron diffraction pattern of the

selected area of nanoparticles. The appearance of strong

diffraction spots rather than diffraction rings confirmed the

formation of crystalline cubic nickel oxide.

The dispersed particles in the TEM image indicate that

the present synthesis method can be considered suitable for

preparation of nickel oxide magnetic nanoparticles. One of

the key factors for this desired result is the use of organic

solvent, i.e., ethanol, instead of water, in which the steric

effects presented by ethanol can also prevent aggregation

of the individual particles. As mentioned above, the steric

effects attribute to physical and chemical surface absorp-

tion of ethanol on the surface of the precursor, which resist

the formation of particle chains by hydrogen bonding of

neighboring particles from aqueous solvent (Li et al. 2001).

Magnetization curves were measured at ambient tem-

perature for NiO samples with particle sizes below 20 nm.

These plots of M versus H are shown in Fig. 7a for various

particle sizes. As shown in Fig. 7a, by decreasing the

particle sizes, the magnetization is improved, mainly

because of increasing the fractions of surface atoms and the

uncompensated surface spins spontaneously, in which

higher magnetization is achieved. Among these samples,

the NiO nanoparticles obtained via calcination of oxalate

precursor at 300 �C (OE300) with sizes about 6 nm have

maximum magnetization. For this sample, Fig. 7b shows

magnetic isotherms measured in applied field H up to 20

kOe at 270, 300, and 320 K. The increase in magnetization

with decreasing the temperature is observed.

It is evident that M does not saturate with even H = 20

kOe where there is a high-field magnetic susceptibility v.
The remanence for OE300 is zero, which is the charac-

terization of superparamagnetic particles. For the larger

particles with wider size distributions, a small remanence

observed at H = 0 may be due to the fact that the larger

particles are still unblocked at these temperatures.

Conclusion

Nanocrystalline NiO was successfully synthesized by

employing three kinds of precursors in the media of alka-

line and aqueous solutions via precipitation–calcination

route, through which by using oxalate precursor and etha-

nol solvent nanoparticles with average particle size of 6 nm

with narrow size distribution and low agglomeration were

achieved. The magnetic characterizations show these par-

ticles are superparamagnetic in room temperature and

increasing the temperature deteriorates their magnetic

properties.
Fig. 6 TEM of the NiO particles. The diffraction pattern is shown in

the upper part of TEM picture

Fig. 7 a Plot of M (magnetization) versus H (applied field) measured at ambient temperature for all samples. b Isothermal plots of the M against

H for OE300 at temperatures shown
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