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Thermal decomposition has been employed to access spherical nickel oxide (NiO) nanoparticles
from a new precursor, nickel-salicylate, [Ni(C;Hs03),(H,0)4]. Surfactants, triphenylphosphine
((C¢Hs);P), and oleylamine (C;gH3sNH,) were added to control the particle size. The products
were characterized by X-ray diffraction, transmission electron microscopy (TEM), Fourier
transform infrared spectroscopy, and thermogravimetric analysis. TEM images showed
particles nearly spherical having sizes 5-15nm. The magnetism of NiO nanoparticles was
studied with a vibrating sample magnetometer. Due to smaller particle size and increased
surface uncompensated spins, a superparamagnetic behavior is observed. The synthetic process
is simple and affords high-purity material at a relatively lower calcination temperature.
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1. Introduction

Science and technology of nanostructured metal oxides have captivated scientists
during the last couple of decades. Particles of metal oxides from 1 to 100 nm can serve
as good absorbents, carriers, and catalysts. Nickel oxide (NiO) is one of the most
promising metal oxides for various applications. Besides fundamental research interests,
nano-NiO, a p-type semiconductor, with a stable wide band gap (3.4-4.0¢V) [1] is used
in alkaline batteries, gas sensors, electrochemical capacitors, smart windows, biomed-
icine, drug delivery, and magnetic bar codes [2-8]. The structural properties of nano
metal oxides are intricately related to preparative techniques. Several methods such as
thermal decomposition [9], electrodeposition [10], sputtering [11], homogeneous
precipitation [12, 13], and sol—gel [14, 15] have been documented for the synthesis of
nano-NiO. The preparation of well-crystallized oxide nanoparticles generally requires
high-temperature treatment (typically above 1000°C), leading to irreversible growth and
coalescence of starting particles [16]. Delicate control of synthetic conditions can afford
ultra fine powders with narrow particle size distribution and enhanced material
performance. Using different amines and surfactants, varying concentration, and
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composition of solvents, Wu et al. [17] obtained nano-NiO particles possessing different
morphologies, sizes, and shapes. Microemulsion route using cationic surfactant [18],
chemical precipitation from nickel nitrate and urea [19] are also on record. Effects of
anions such as nitrate, chloride, sulfate, or acetate on the sizes and morphology of
nano-NiO and magnetism has been studied recently [20]. Li ez al. [21] synthesized NiO
nanoparticles using nickel nitrate and urea as starting materials and evaluated the
catalytic properties of the material in pyrolyzing cellulose. Of all such methods, thermal
decomposition method is a preferred process to access nano-NiO of different sizes and
shapes, as it is simple, cost-effective, and affords high purity materials [22]. Although
thermal decomposition of many metal salicylates [23] and nickel salicylate [23-25], in
particular, has been investigated, no previous studies addressed the synthesis of metal
oxide nanoparticles from such precursors. Addressing the challenge we intended to
devise the synthesis of spherical NiO nanoparticles by thermal decomposition of nickel-
salicylate complex, [Ni(C;Hs05),(H>O),], in the presence of surfactants triphenylpho-
sphine (TPP) and oleylamine as stabilizers.

2. Experimental

2.1. Materials

The precursor [Ni(C;Hs05),(H,0),4] was prepared according to the literature procedure
[25] with little modification. Oleylamine, TPP, n-hexane, and ethanol were purchased
from Aldrich and used as received.

2.2. Techniques

Powder X-ray diffraction (XRD) measurements were carried out on a Bruker AXS DS§-
Advance powder X-ray diffractometer with Cu-Ko radiation (A =1.5418 A) with a scan
speed 2°min~'. FT-IR spectra were recorded on a Shimadzu Varian 4300 spectrometer
with KBr pellets. Elemental analyses (C, H, and N) were performed on a Heraeus Vario
EL IIT Carlo Erba 1108 elemental analyzer. Nickel content was analyzed by atomic
absorption spectroscopy (AAS) using Perkin Elmer ANA-Analyst 200 model equip-
ment. Thermogravimetric analysis (TGA) was performed on a Perkin Elmer Pyris
Diamond thermal analyzer maintaining a flow rate of 20mL min~' and a heating rate
of 10°Cmin~" in air. Transmission electron microscopy (TEM) images were obtained
on a Jeol, 9JSM-100CX TEM with an accelerating voltage of 100kV. The sample
powders were dispersed in n-hexane under sonication and TEM grids were prepared
using a few drops of the dispersion followed by drying in air. Magnetism of the material
was studied using a Vibrating Sample Magnetometer (VSM, Lakeshore Model 7410)
at 300 K.

2.3. Synthesis of [Ni(C>Hs03):(H;0),]

NiCl, - 6H,O (1.1885 g, 5mmol) and salicylic acid (1.3812 g, 10 mmol) were dissolved in
distilled water separately and mixed in a conical flask and stirred for 1 h. The pH of the
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resultant solution was maintained at ~8 by the addition of 5% aqueous KOH solution
and further stirred for 2 h. The green precipitate thus obtained was filtered, washed, and
dried. The product was characterized by FT-IR, elemental analyses, and TGA. Anal.
Calcd for [Ni(C7H503)2(H20)4] (%): C, 41.51; H, 4.45; Ni, 14.50. Found (%): C, 41.56;
H, 4.49; Ni, 14.55. FT-IR (vjax, cm ™", KBr): 3385 (vo_p), 1600 (Syon), 1570 (Vacc-0))s
1400 (Vs(CfO))s 1235 (8COH)-

2.4. Synthesis of NiO nanoparticles

[Ni(C7H505),(H,0)4] (0.6g) was taken in a round-bottomed flask and SmL of
oleylamine was added to it and heated for 1h at 140°C on an oil bath to get
[Ni(C7H505),(H,0),(oleylamine),] complex. TPP (5 g) was then added to the resultant
solution and temperature was raised to 240°C. The initial green color of the solution
changed to black. The black solution thus obtained was aged at 240°C for 1h and
cooled to room temperature. The black solids were precipitated by adding excess
ethanol to the reaction solution. The product is washed with ethanol several times. The
solids could be easily re-dispersed in nonpolar organic solvents like #-hexane or toluene.

3. Results and discussion

The synthesis described herein is a modified version of the procedure developed by
Hyeon and others for the synthesis of metal and oxide nanocrystals that utilizes thermal
decomposition of transition metal complexes [22, 26]. In current synthesis (scheme 1),
NiO nanoparticles were prepared by the thermal decomposition of a nickel-salicylate
complex, [Ni(C;Hs03),(H->O)4] as precursor in the presence of oleylamine and TPP.
Oleylamine with its long hydrocarbon tail is considered to replace two non-hydrogen-
bonded labile water molecules from the coordination sphere of nickel(II) forming
[Ni(C;H503)>(H,0),(oleylamine),] (scheme 1). A rather similar synthetic philosophy
has recently been exploited for the preparation of nano-NiO from nickel oxalate
complex, [Ni(C>04)(H>O)4] [22]. Pertinent here is to mention that a calcination
temperature lower than 240°C did not afford any NiO nanoparticles. In fact, the green
reaction solution did not undergo any change until 240°C. Transformation to a blackish

Pug | g & |
(i OH, 2 NH,

\O\I\I\O\ Oleylamine q:\O\\/NLO\ TPP
H,0 \ 140°C \ 240°C

OH, I | X om, |
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%: TPP

Scheme 1. Illustration of the formation of NiO nanoparticles.
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solution occurred only at 240°C while temperature above 240°C led to particles of
bigger size. Further, under similar experimental conditions, when only oleylamine (no
TPP) was used, highly agglomerated NiO particles were formed while with TPP alone
(no oleylamine) no NiO could be obtained (table 1). Thus, it is evident that oleylamine
and TPP together played a crucial role in the synthesis of low-dimensional NiO
nanoparticles at a relatively low temperature. As the surface area of metal nanoparticles
is related to their masses, they possess an excess surface free energy comparable to the
lattice energy rendering the particles thermodynamically unstable. Protective or capping
agents outweigh the attractive van der Waals forces by repulsive steric interaction. It is
believed that the sterically demanding surfactant molecules aid in achieving greater
interparticle separation [27].

The as-synthesized NiO nanoparticles were characterized by XRD, TEM, FT-IR,
and VSM studies. The C, H, and N microanalysis as well as AAS analysis of the nickel
content of the metal-salicylate precursor and the as-obtained NiO nanomaterial were
carried out to confirm the compositions. Somewhat less nickel content is expected for
NiO only and the occurrence of non-stoichiometric proportion of C, H, and N in the
sample further affirms the presence of some surfactant molecules coating the
nanoparticles. The TGA (figure 1) of the as-prepared precursor complex shows three
distinct weight loss steps. The first step, in the temperature range 40—150°C, involves the
loss of water yielding the anhydrous material. Such wide temperature range for loss of

Table 1. Calcination of [Ni(C;Hs03),(H»0),] under different experimental conditions.

Calcination
Sample Surfactants temperature (°C) Time Products (size)
1 None 450 2h Bulk NiO
2 Oleylamine 240 2h Agglomerated NiO
3 TPP 240 2h No products
4 Oleylamine + TPP 240 2h NiO (5-15nm)

100

Weight loss (%)
6] D ~ o] ©
o o o o o

N
o
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Figure 1. TGA curve of [Ni(C;H503),(H>0)4].
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four water molecules alone clearly suggest that the four water molecules are not of the
same type. A previous report [25] which dealt with structural characterization of nickel-
salicylate complex shows that all four water molecules are coordinated, of which two
are further H-bonded to each monodentate salicylate. In the present case the nickel-
salicylate complex on being treated with oleylamine leads to the replacement of only
two water molecules, presumably the non-H-bonded ones (scheme 1), further
confirming the nature of water in the nickel-salicylate complex. The second step in
the temperature range 150-340°C is due to the loss of one salicylate, and the third and
final step in the temperature range 340-450°C is oxidation of this intermediate to the
metal-oxide.

As evident from TGA analysis, the final weight loss step which corresponds to the
loss of one salicylate leading to bulk NiO was found to occur at 450°C, however, use of
capping ligands, oleylamine, and TPP lowered the decomposition temperature
substantially, affording nano-NiO particles.

The proper selection of metal precursor and the method of synthesis is crucial to the
preparation of nano metal oxides. Thermal treatment of different precursors can result
in variation of particle sizes of nanocrystalline NiO depending on the temperature. For
instance, surfactant-unassisted direct calcination of nickel dimethylglyoximate [28],
nickel oxalate dihydrate [29], and nickel-o-phthalate [30] at different temperatures lead
to NiO of different particle sizes. Calcination of nickel dimethylglyoximate at 500°C
resulted in nanocrystalline NiO of mean particle size 35nm, nickel oxalate dihydrate
afforded NiO nanoparticles of mean size 30nm at 450°C, while nickel-o-phthalate
produced NiO of mean particle size 15nm at 500°C. Not only the calcination
temperatures are higher in these methods, but the sizes of the nanoparticles obtained are
also larger. Nano-NiO of particle sizes <10nm are difficult to obtain by these
procedures. In this context a particle size of ~6 nm obtained for NiO at a relatively low
temperature of 240°C is a redeeming feature of this work.

FT-IR spectroscopy was used to discern the nature of the surface-coordinating
organic capping groups that facilitate dispersion of the nanoparticles in organic
solvents. Figure 2 shows the FT-IR spectrum of NiO nanoparticles. The peak at

90

=~ ~ [o] (o]
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— T T

Transmittance (%)
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Figure 2. FT-IR spectra of (a) [Ni(C7Hs503),(H,0)4] and (b) NiO nanoparticles.
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490cm™" (curve b), attributable to Ni-O stretching vibration furnished clear evidence
for the presence of crystalline NiO. A broad peak at ~3435cm ™! (curve b) indicates the
presence of water. As the material was exposed to ambient conditions after calcination,
some moisture was adsorbed on the external surface probably during spectrum
recording. The H-O-H bending vibration appeared at ~1630cm™" (curve b). The
spectrum contains a number of weak peaks between 1000-1400cm~' and 2800
3000 cm ™' which arise due to symmetric and asymmetric stretching vibrations of ~CH,,
terminal -CH3; and =CH of oleylamine (C;gH35INH>). The material exhibited two weak
stretching vibrations at ~2918 and 2845cm ™! assignable to C—H stretch of oleylamine
carbon chain. Also, a broad band due to C—N the stretch of oleylamine was observed at
~1150cm™" (curve b). These results indicate that some oleylamine molecules were
adsorbed on the surface of NiO nanoparticles. The sharp peak at ~1435cm ™' (curve b)
attributable to the phosphorus-phenyl stretching mode v(P—Ph) also suggested the
occurrence of some TPP in the material.

At 240°C, most surfactant molecules (capping ligands) such as oleylamine and TPP
were decomposed. The calcined NiO material was thoroughly washed with ethanol
several times to remove any residual surfactant molecules and then subjected to
elemental analysis (vide infra) to ascertain the extent of adsorbed surfactant molecules
on the as-obtained material. Owing to the presence of the surfactant molecules, the NiO
material can easily be dispersed in organic solvents such as n-hexane and toluene.
Oleylamine serves as both solvent and capping agent for the nanoparticles. The long
hydrocarbon chain of oleylamine exerts greater steric hindrance to control the size of
metal nanoparticles. It is believed that oleylamine passivates the surface of grown
nanoparticles, thus preventing agglomeration [27]. The stabilization of metal nanopar-
ticles with TPP is also well documented in the literature [31, 32]. TPP, a high-boiling
point surfactant with three phenyl rings impose greater steric hindrance slowing the rate
of agglomeration of the nanoparticles during their growth, producing much smaller
particles. Addition of TPP to [Ni(C;Hs053),(H,0),(oleylamine),] (vide infra) resulted in
much smaller particles with uniform size distribution.

3.1. Powder X-ray diffraction study

The X-ray powder diffraction pattern was recorded at room temperature for the
identification of phases exhibited by the synthesized material. Figure 3 shows the XRD
pattern of the synthesized material. The product is characterized as NiO (JCPDS file
no: 73-1523). The diffraction peaks can be exactly indexed to a cubic structure of NiO
with cell constant a =4.197 A. No characteristic peaks of impurity were observed. The
average particle size of NiO was estimated by Debye—Scherrer formula (d=0.91/8 cos )
to be 6.2nm. The diffraction peaks are all quite broad, indicating the nanocrystalline
nature of the material.

3.2. TEM

The morphology and particle size of the synthesized materials were determined by
TEM. For preparation of the TEM sample, the powder was dispersed in n-hexane via
ultrasonic equipment. The TEM image (figure 4) of NiO produced under the given
experimental conditions exhibited nearly spherical morphology and is well dispersed
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Figure 3. XRD pattern of NiO nanoparticles.

Figure 4. TEM image of NiO nanoparticles.

with no agglomerations. The size of nanoparticles obtained from the XRD pattern are
in close agreement with TEM studies which indicated the particle sizes to be 5-15nm.

3.3. Room temperature magnetic study

The magnetization versus applied magnetic field (M—H) curve of NiO nanoparticles
(figure 5) recorded at room temperature shows a hysteresis loop typical of
superparamagnetic behavior. Bulk NiO is antiferromagnetic with a Neel temperature
of 523 K [33]. Surface effects can dominate the net magnetic behavior for nano-NiO
particles. Presence of a large fraction of atoms on the surface possessing uncompensated
spins led to the net magnetization [34]. Greater surface spins with low coordination and
broken exchange bonds enhance the net magnetization. The spherical nano-NiO
prepared in this work possess smaller particle size (~6.2 nm). This increases the surface
uncompensated spins, resulting in a superparamagnetic behavior (figure 5).
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Figure 5. Magnetization (M) vs. applied field (H) plot of NiO nanoparticles at 300 K.

4. Conclusion

Spherical NiO nanoparticles of 5-15nm have been synthesized via low-temperature
thermal decomposition of a new precursor, [Ni(C7Hs03),(H,0)4]. The role of
surfactant stabilizers oleylamine and TPP was vital in controlling the growth of the
particles and lowering the calcination temperature. The XRD pattern showed phase
pure cubic NiO. The current method employed is an inexpensive reproducible process
with potential for scale-up. The methodology can be readily extended for the synthesis
of other nano metal oxides.
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