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Abstract Nickel phosphide nanostructures were prepared

by thermal decomposition method from different inorganic

precursors, such as: bis(salicylidene)nickel(II) [Ni(sal)2],

bis(salicylate)nickel(II) [Ni(Hsal)2], nickel oxalate

[Ni(O4C2)(H2O)4] and nickel-o-phthalate [Ni(pht)(H2O)2].

Nickel(II) acetate tetrahydrate Ni(CH3COO)2�4H2O was

used as reference. Nanostructural control of products pre-

pared through the thermolysis of precursors using triph-

enylphosphine as a surfactant solvent and phosphorus

precursor was reported. The SEM and TEM images show

the morphology and particle size of the as-synthesized

nanostructures. The XRD patterns show mixed-phase

hexagonal Ni2P/tetragonal Ni12P5 (represented as NixPy).

The FT-IR spectroscopy confirms that the products pre-

pared are NixPy phase, which is in agreement with XRD

results.

1 Introduction

In recent years, extensive attention has been paid to the

nanomaterials owing to their interesting properties and

potential applications [1–10]. Hence, investigations on the

synthesis and modification of nanosized phosphids have

attracted tremendous attentions. Transition metal phos-

phides are important materials with a wide variety of useful

properties, including superconductivity [11, 12], magnetic

behavior [13], magnetoresistance [14] and Li intercalation

capacity for battery applications [15]. They are a novel

catalyst group for deep hydrotreating and have received

much attention due to their high activity for hydrodesul-

furization (HDS) and hydrodenitrogenation (HDN) of

petroleum feedstocks [14]. Ni2P is an n-type semiconduc-

tor with a bulk band gap of 1.0 eV with potential uses in

solar cells and catalysis [16]. The solid-state Ni2P is well-

known as a corrosion-resistant and oxidation-resistant

material [17]. In contrast to sulfides which adopt planar

morphologies, phosphides are not layered compounds and

form spherical particles which can be well dispersed on

supports.

Researchers have utilized several methods to synthesize

nickel phosphide nanostructures, such as: solvothermal

[18], phosphate reduction [19], thermal decomposition

[20], direct combination of the elements, organic solution-

phase technique [21], surface-phosphatizing Ni nanoparti-

cles [17] and ball milling route [22]. In this study we

focused on preparing NixPy nanostructures through thermal

decomposition process using TPP (C18H15P) as phosphorus

source and oleylamine (C18H37N) as surfactant. By con-

trolling the growth of the particles, surfactants play an

important role in synthetic procedure and lead to products

with controlled size and a narrow size distribution. In

addition of the important role of surfactants in size control

of the products, precursors with special shapes also can

prevent from agglomeration [23]. This method is based on

the ability of the TPP molecule to act as P atom donors,

through thermal decomposition at temperatures above

300 �C. Trioctylphosphine oxide (TOPO), TOP [24, 25],

TPP [26], tris(trimethylsilyl) phosphine [27] and white
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Scheme 1 Schematic diagram illustrating the formation of NixPy nanostructures

Fig. 1 SEM images of NixPy nanostructures prepared from a [Ni(sal)2], b [Ni(Hsal)2], c [Ni(pht)(H2O)2], d [Ni(O4C2)(H2O)4],

e Ni(CH3COO)2�4H2O and f TEM image of sample obtained from [Ni(sal)2]
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phosphorus [28] have been introduced as phosphorus

reagents for the synthesis of metal phosphides. Several

studies of metal phosphide formation suggesting that

metals can cause cleavage of the P–C bond, resulting in

diffusion of phosphorus into the metal.

In this article, the effect of the Ni precursors in the

formation and characterization of NixPy nanostructures are

considered. To study this effect, four types of precursor

powders were used: [Ni(sal)2], [Ni(Hsal)2], [Ni(O4C2)(H2

O)4] and [Ni(pht)(H2O)2]. In all cases, there is a remark-

able correlation between type of the metal precursors and

structure, size and morphology of metal phosphide prod-

ucts. The concept of co-assembling inorganic precursor

molecules with amphiphile organic molecules for control-

ling the structure and organization of inorganic materials

has successfully been used to produce materials with both

scientific and technological importance. At the moment a

major interest is in the development of organometallic or

inorganic precursors.

2 Experimental

2.1 Materials and experiments

The precursor complexes were prepared according to the

procedures described previously and were characterized by

FT-IR, elemental analyses and thermogravimetric analysis

(TGA) [29–33]. Oleylamine, TPP, toluene, hexane, and

ethanol were purchased from Aldrich and used as received.

The XRD patterns were collected from a diffractometer of

Philips company with X’PertPro monochromatized Cu Ka

radiation (k = 1.54 Å). Microscopic morphology of prod-

ucts was visualized by a LEO 1455VP scanning electron

microscope (SEM). GC-2550TG (Teif Gostar Faraz Com-

pany, Iran) were used for all chemical analyses. Transmis-

sion electron microscopy (TEM) image was obtained on a

Philips EM208 transmission electron microscope with an

accelerating voltage of 200 kV. Fourier transform infrared

(FT-IR) spectra were recorded on Shimadzu Varian 4300

spectrophotometer in KBr pellets.

2.2 Synthesis of NixPy nanostructures

The overall synthetic procedure is shown in Scheme 1.

This synthetic procedure is a modified version of the

method developed by Hyeon et al. [34]. In this synthesis, a

certain amount of nickel precursor and oleylamine loaded

in a 50 ml three-neck distillation were heated up to 120 �C
for 60 min. Green solution was generated with the gradual

dissolution of precursor complex. Then, TPP was dissolved

in the mixture. The solution was aged at 300 �C for

30 min. The color of the reaction mixture changes from

green to dark green and finally black. The thermal

decomposition of the precursor complexes at 300 �C led to

a formation of NixPy nanostructures. The nanostructures

were precipitated by adding excess ethanol to the solution.

The precipitate was collected via centrifugation after

Fig. 2 XRD pattern of NixPy nanostructures obtained from [Ni(sal)2]
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15 min of stirring and could easily be re-dispersed in

nonpolar organic solvents, such as hexane or toluene. Some

control experiments, in which nickel precursors were

replaced by manganese and cadmium precursors and other

operational processes were unchanged, were performed.

3 Results and discussion

Since many fundamental properties of semiconductor

materials have been expressed as a function of the size and

the shape, the control of nucleation and growth of nanos-

tructural materials is becoming critical [35]. The use of

different nickel precursors leads to the formation of nickel

phosphide species with different shapes and sizes that

having different characteristics. During thermal decompo-

sition reaction, nucleation rate for nanostructures can reach

a high value in a short time and these nuclei are wrapped

by surfactant. Consequently, the formed nanostructures

grow to a certain value and saturate. The effect of the

surfactant is to control the size of the crystals and to pre-

vent the aggregation of crystals. When the concentration of

the surfactant is low, the nuclei can not be wrapped by the

surfactant completely and wide size distribution of nanos-

tructures is obtained. The oleylamine is known as a ligand

that binds tightly to the nanostructures surface. The TPP is

a high-boiling point surfactant with a patulous long-chain

structure providing greater steric hindrance, also act as a

phosphorus precursor.

The morphology of the nickel phosphides obtained from

different precursors is investigated by SEM, as shown in

Fig. 1. The products obtained from [Ni(sal)2], [Ni(Hsal)2]

and [Ni(pht)(H2O)2] are agglomerated nanoparticles. These

nanoparticles are spherical in shape and smooth on their

surfaces. It can be observed that with the change of pre-

cursor of [Ni(sal)2] to [Ni(pht)(H2O)2] and then to

[Ni(Hsal)2], the particle size and agglomeration of the

nanoparticles increase. The products obtained from

[Ni(O4C2)(H2O)4] are flower-like in shape with uneven

surfaces. Adding benzene ring to nickel oxalate to produce

nickel-o-phthalate, influences size and morphology of

products. In [Ni(pht)(H2O)2], co-assembling inorganic

molecules with organic molecules produces nanoparticles

with uniform size distribution that have average diameter

100 nm. These nanoparticles are agglomerated and

U-shaped structures produced. [Ni(O4C2)(H2O)4] precursor

in the ratio of [Ni(pht)(H2O)2] precursor has smaller size,

lower steric hindrance and larger surface to volume ratios,

Table 1 XRD results of NixPy nanostructures obtained from the [Ni(sal)2] precursor

Reference code (JCPDS) Chemical formula Planes (hkl) Crystal system Space group Unit cell parameters (nm)

a b c

74-1385 Ni2P (111) (201) Hexagonal P-62 m 0.5859 0.5859 0.3382

74-1381 Ni12P5 (312) (240) (400) (112) Tetragonal I4/m 0.8646 0.8646 0.5070

Fig. 3 SEM images of nanostructures prepared from a [Mn(sal)2],

b [Mn(O4C2)(H2O)2] and c Mn(CH3COO)2�4H2O
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consequently possible of aggregation of precursor mole-

cules is more. Therefore products obtained from this pre-

cursor (parallelepipeds) are collected and formed flowers

which can be clearly seen in the Fig. 1d. These flowers are

in micrometer size. Figure 1e shows the SEM image of

sample obtained from nickel acetate. This figure shows the

particles coalesce and turn into bulk structures, when use

from nickel acetate as precursor. In order to further eluci-

date the size and the crystal structure of the products, TEM

image was taken. TEM image of sample obtained from

[Ni(sal)2] has been shown in Fig. 1f. The image shows the

products obtained from [Ni(sal)2] are very small nanopar-

ticles with a diameter less of 10 nm.

The XRD pattern of the NixPy nanostructures obtained

from the [Ni(sal)2], is depicted in Fig. 2. It can be seen that

the products have the peaks corresponding to hexagonal

Ni2P and tetragonal Ni12P5 phases. The XRD results have

been summarized in Table 1. In comparison with other

reports of pure [36] and less-pure [37] Ni2P phases, Ni12P5
might form under milder conditions, whereas the conver-

sion to pure Ni2P could require prolonged growth times or

higher temperatures than those reported here [38, 39]. In

Fig. 2, the peaks corresponding to Ni2P and Ni12P5 are

indicated with red and blue colors, respectively. The

intense and sharp diffraction peaks suggest that the

obtained product is well crystallized.

For investigating the effect of precursor on the mor-

phology and particle size of the products, manganese and

cadmium complexes were also used as precursors. Figure 3

shows SEM images of nanostructures prepared from dif-

ferent manganese precursors. The images show granular

morphology. There is a great deal of spherical nanoparti-

cles in this figure. It can be observed that with the change

of precursor of Mn(CH3COO)2�4H2O to [Mn(sal)2] and

then [Mn(O4C2)(H2O)2], morphology of samples remains

nearly constant and only particle size and agglomeration of

nanoparticles increase.

According to the XRD pattern of samples obtained from

manganese precursors (Fig. 4), the peaks are broad and

ambiguous, that show the lower yield of products. Two

types of manganese oxides, MnO and Mn3O4, can be found

in the resulting products. As shown in this figure, the

expected products could not be obtained (manganese

phosphides) in this conditions.

Figure 5 shows the SEM images of samples obtained from

six different cadmium precursors including [Cd(sal)2(H2O)2],

[Cd(Hsal)2(H2O)2]2, [Cd(pht)(H2O)]n, [Cd(C2O4)(H2O)],

cadmium catechol and Cd(CH3COO)2�2H2O. The formation

of regular geometric structures with different sizes clearly

observes in Fig. 5a, f. These octahedral structures are obtained

from [Cd(sal)2(H2O)2] and cadmium acetate. When use from

[Cd(Hsal)2(H2O)2]2 precursor, semi-spherical planes are

formed (Fig. 5b). The samples obtained from phthalate and

catechol precursors are spherical nanoparticles (Fig. 5c, e,

respectively). The nanoparticles obtained from cadmium

catechol are agglomerated. The irregular geometric structures

with different sizes are products obtained from cadmium

oxalate (Fig. 5d).

Fig. 4 XRD pattern of nanostructures obtained from [Mn(sal)2]
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Figure 6 shows XRD patterns of nanostructures

obtained from three different cadmium precursors. The

products are found to be the cubic CdO. As a result, the

expected products (cadmium phosphids) could not be

obtained from cadmium precursors and the products are not

ideal.

Figure 7 shows FT-IR spectra of (a) o-phthalic acid with

point group C2 [40] (b) [Ni(pht)(H2O)2] obtained at 100 �C

Fig. 5 SEM images of nanostructures prepared from (a) [Cd(sal)2(H2O)2], (b) [Cd(Hsal)2(H2O)2]2, (c) [Cd(pht)(H2O)]n, (d) [Cd(C2O4)(H2O)],

(e) cadmium catechol and (f) Cd(CH3COO)2.2H2O
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(c) oleylamine and (d) NixPy nanostructures obtained from

the [Ni(pht)(H2O)2] precursor. Figure 7b has no broad

absorption bands at 3260–3200 cm-1 and a sharp band at

1630–1600 cm-1. Therefore, there are not crystallization

water molecules in the outer sphere [41]. In this spectrum

the broad absorption band centered at 3423 cm-1 is

attributable to the v(OH) stretching vibrations which indi-

cates the presence of physisorbed and coordinated water

linked to precursor [42]. The C=O band at 1698 cm-1 in

the FT-IR spectrum of the o-phthalic acid does not appear

in the precursor one which indicates the absence of unco-

ordinated ophthalmic acid in precursor. Two very strong

peaks at 1556 and 1414 cm-1 can be attributed to the

asymmetric and symmetric stretching vibrations of coor-

dinated carboxylate groups. The separation between the

asymmetric and symmetric stretching frequencies

(Dv = vasym - vsym) is 142 cm-1 which indicates the o-

phthalic acid ligand is bidentate coordinating through both

carboxylic groups [43]. The weak peaks at 1486 and

1359 cm-1 correspond to v(CC) and medium peaks at 734

and 695 cm-1 is assigned to c(CH) and the weak peak at

1143 cm-1 is attributable to d(CH) of benzene ring and all

of remaining weak peaks are due to benzene ring vibra-

tions. The FT-IR spectrum of free oleylamine and NixPy
nanostructures are shown in Fig. 7c, d, respectively. The

oleylamine is known as a ligand that binds tightly to the

nanostructures surface. In Fig. 7d two weak peak at 2919

and 2850 cm-1 attributing to the C–H stretching models of

the oleylamine carbon chain. The only difference among

these characteristic peaks is either the peak intensity or a

slight shift in the peak position that indicating oleylamine

molecules have been absorbed on the surface of NixPy

Fig. 6 XRD patterns of

nanostructures obtained from:

a [Cd(sal)2(H2O)2],

b [Cd(Hsal)2(H2O)2]2 and

c [Cd(pht)(H2O)]n
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nanostructures. Because the precipitates are washed with

ethanol several times and all the residual surfactant is

removed, the characteristic peaks of the oleylamine and

TPP are introduced from the oleylamine and TPP coated

surface of NixPy nanoparticles [44]. Two peaks at 3413 and

1625 cm-1, in curve 7d, are assigned to the stretching and

bending vibration of absorption water on surface of nano

NixPy, respectively. The peak around 562 and 725 cm-1

shows a distinct stretching mode of NixPy nanostructures.

This pattern further confirmed that the products prepared

from thermal decomposition are NixPy phase, which is in

agreement with analysis result of XRD. This spectrum has

no characteristic peaks of impurities or other precursor

compounds.

4 Conclusions

In summary, NixPy nanostructures have been prepared by

a thermal decomposition process in a binary surfactant

solvent of TPP and oleylamine using four different types

of precursors. The use of different precursors and prepa-

ration routes play an important role on the properties of

nanostructures. The following sequence of particle size of

NixPy nanostructures is pointed out: NixPy ½Ni salð Þ2�\Nix

Py ½Ni phtð Þ H2Oð Þ2�\NixPy ½Ni Hsalð Þ2�\NixPy ½Ni O4C2ð Þ H2Oð Þ4�: This

reaction route is simple and can further be applied to

prepare other metal phosphides.
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