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Hydrothermal synthesis method of nickel phosphide nanoparticles
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Abstract Nanometer nickel phosphide compounds (Ni2P

and Ni12P5) were synthesized via a mild hydrothermal

method with red phosphor and nickel chloride as raw

materials. XRD, EDS, TEM and SEM analysis were

employed to characterize the obtained products. The results

showed that the as-prepared products were well crystal-

lized and particle sizes ranged from 10 to 40 nm. Effects of

raw material ratios and initial pH of reaction system on the

final products were investigated. The result showed that

increased P/Ni ratio benefited the formation of Ni2P but

went against obtaining Ni12P5 and nanoparticles were

obtained only in alkaline environment.
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Introduction

Owning to the great application prospects as catalytic agent

(Oyama 2003; Muettcrties and Sauer 1974), synthesis of

nickel phosphide compounds has been of great interest

to researchers. There have been many methods such as

chemical combination by elementary substances directly

(Rundqvist 1966), replacement reaction by solidity (Fjellvag

et al. 1984) chemical reaction between metal halide lamp and

phosphate (Rowley and Parkin 1993) decomposition of

organic compound of metal (Gingerich 1964), electrolysis of

molten salt (Li et al. 1998), and deoxidization of phosphate,

etc. (Gopalakrishnan et al. 1997) to produce them. But none

of the above methods is with the advantages of being clean,

low energy consumption and easy-to-approach conditions.

Stephanie L. Brock and her co-workers have firstly

reported solvothermal syntheses of Cu3P (Aitken et al.

2005). Thereafter, our group has synthesized micrometer

phosphides and nanometer Co2P with hydrothermal

method using red phosphorus as raw material (Liu et al.

2010; Huang et al. 2010, 2011). Until now, few related

studies have paid any attention to the above-mentioned

synthesis process. In the present work, synthesis of nano-

meter Ni2P and Ni12P5 by hydrothermal process has been

presented. The hydrothermal experiments were conducted

under a relative low temperature (200�C) for only 10 h

with red phosphor as raw material. Important parameters

like ratio of raw material and pH of reaction system have

been considered to study their effect on powder charac-

teristics such as phase, morphology and particle size.

According to the experimental results, a hydrothermal

method to synthesize nanometer nickel phosphide com-

pounds (Ni2P and Ni12P5) has been summarized in this

paper.

Experiments

Preparation of the reacting suspension and samples

Starting materials used in the experiments were analytical

reagents. All the reagents were purchased from Sinopharm

Chemical Reagent Co., Ltd and used as received. The red

phosphor (P) and NiCl2�6H2O (C99.0%) were used as

phosphor and nickel sources. KOH (C82.0%) was used to

establish an alkali reacting environment. The reacting

suspension was prepared as follows: first, red phosphor was

ground in a mortar to get well-distributed small powders.
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Then a desired amount of NiCl2�6H2O and the as-ground red

phosphor were added to 64 ml distilled water under vigorous

stirring to get mixed aqueous suspension (Table 1). KOH as

a variable factor of the process was only used in Groups E, F,

G and H.

The prepared suspension was poured into a Teflon-lined

autoclave with 0.8 filling factor, sealed, and hydrother-

mally treated at 200�C for 10 h. After the autoclave cooled

to room temperature, the black products were collected and

washed with plenty of distilled water. They were then dried

at 50�C for 5 h in the air.

Characterization

Phase constitution, chemical composition and morphology

of the samples were characterized by X-ray powder

diffraction (XRD, Model D/max Rigaku Co., Japan) with Cu

Ka radiation (40 kV, 150 mA), energy dispersive X-ray

spectroscopy (Oxford Instruments’ INCA EDS system),

scanning electron microscopy (SEM, Model JSM-840,

JEOL Co., Japan), and transmission electron micros-

copy (TEM, Model JEM-1200EX, JEOL Co., Japan),

respectively.

Results and discussions

The X-Ray diffraction patterns of as-prepared products are

presented in Figs. 1 and 2. The sharp peaks indicated that

all the samples were well crystallized. Diffraction peaks of

Groups A and B could be readily indexed to Ni12P5 with a

small amount of Ni2P. When the starting molar ratios of

Table 1 Hydrothermal

experiment conditions in the

present work

Group P/Ni (molar

ratio)

Reaction time

(h)

Starting Ni2?

(mol/L)

Starting KOH

(mol/L)

Temperature

(oC)

pH value

Initial Final

A 15/1 10 0.052 0 200 6.0 1.5

B 20/1 10 0.038 0 200 6.0 1.5

C 25/1 10 0.031 0 200 6.0 1.5

D 30/1 10 0.026 0 200 6.0 1.5

E 15/1 10 0.052 1 200 13.0 3.0

F 20/1 10 0.038 1 200 13.0 3.0

G 25/1 10 0.031 1 200 13.0 3.0

H 30/1 10 0.026 1 200 13.0 3.0

Fig. 1 X-ray powder diffraction patterns of the samples (Groups A–D) Fig. 2 X-ray powder diffraction patterns of the samples (Groups E–H)
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P/Ni were 25:1 and 30:1 (Groups C and D), respectively,

the reflection peaks had a good agreement with the crys-

talline phase of Ni2P without any impurity.

Groups E and F had almost the identical XRD patterns

with Group A and Group B, which had a good agreement

with the crystalline phase of Ni12P5. The products of

Groups C, D, G, and H were all Ni2P. The XRD results

were corroborated by the EDS test. The EDS spectra of

Groups A and G in Fig. 3 show the presence of Ni and P in

the final products, and no impurity peaks were found. The

Ni/P ratios in Fig. 3 were 2.29:1 and 2.09:1, respectively.

But enormous differences in size were observed through

their SEM and TEM images (Fig. 4). The obtained products

with KOH (Groups E–H) had a relatively homogeneous size

Fig. 3 EDS spectra of as-prepared samples (Groups A and G)

Fig. 4 SEM (A–D) and TEM (E–H) images of the as-prepared samples
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with an average particle size of about 30 nm, while the sizes

of samples synthesized without KOH (Groups A–D) varied

from 1 to 100 lm.

The crystal sizes of Groups E, F, G and H were

calculated with Scherrer equation (Patterson 1939):

Dc = 0.89k/(B�cosh), where Dc is the diameter of the

particles; k = 1.518 Å (Cu Ka radiation wavelength);

B is the full width at half maxima and h is the

Bragg’s angle. By substituting these values, the size

of the nanoparticles was found to be about 10–40 nm,

which were in close agreement with TEM results.

Images of the samples in Fig. 4 also show that none

of the as-prepared powders had uniform and regular

shape.

The probable reaction process for the formation of Ni2P/

Ni12P5 could be summarized as follows (Wang et al. 2008).

Fig. 4 continued
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P þ 7OH� ! HPO2�
4 þ 3H2O þ 5e ð1Þ

Ni2þ þ 2e ! Ni ð2Þ
2Ni þ P ! Ni2P ð3Þ
12Ni þ 5P ! Ni12P5 ð4Þ

Obviously, KOH in the present study could provide

OH- for Eq. 1 and facilitate phosphor to dissolve in water.

Companied with the dissolution of phosphor, smaller

and relatively homogeneous red phosphor particles were

obtained in the suspension. As a result, the reaction

between red phosphor and nickel chloride tended to get

smaller products. The effect of KOH on the particle size

could be observed easily in Fig. 4.

Conclusions

In summary, nanometer nickel phosphide compounds

(Ni2P and Ni12P5) were successfully synthesized in a mild

hydrothermal process based on the reactions of red phos-

phor and nickel chloride. Molar ratio of raw materials was

the critical factor for the type of final products, and the

alkaline environment was necessary to get nanoparticles in

the present work.
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