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Abstract
The controlled synthesis of transition metal phosphides has been pursued to obtain 
excellent performances in application. Herein, we report a simple and effective 
method to synthesize nickel phosphide nanoparticles with target phases. Pure-phase 
nickel phosphide nanoparticles were obtained in different crystalline states (Ni2P 
and Ni12P5), and the crystalline phase of nickel phosphide could be controlled by 
varying the reaction conditions such as the temperature and duration of thermal 
treatment or the ratio between Ni and P. In addition, the nickel phosphide particles 
after thermal treatment maintained their sizes without serious agglomeration. In the 
hydrogenation of nitrobenzene, the phosphides with pure-phase (Ni2P or Ni12P5) and 
high crystallinity showed high catalytic activities. This proves that the crystalline 
phase of nickel phosphide plays an important role in the catalytic activity.
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Introduction

Transition metal phosphides are a large class of compounds formed by phospho-
rous atoms entering metal lattices. Their unique physical and chemical proper-
ties make them promising candidates for wide applications in many fields, such as 
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hydrotreating catalysis [1, 2], water splitting [3], battery [4, 5], and so on. Therefore, 
the synthesis of transition-metal phosphides has become a hot topic in recent years.

Among various phosphides (iron, cobalt, molybdenum, nickel and tungsten 
phosphides), nickel phosphide exhibits the most promising application prospect. 
Several crystalline phases of nickel phosphides (Ni3P, Ni5P2, Ni7P3, Ni12P5, Ni2P 
Ni5P4, NiP etc.) with different exposed crystal surfaces were synthesized success-
fully, and gave different applications [6–9]. For example, Ni5P4 and NiP2 showed 
higher performances as the lithium ion battery electrode materials [10, 11], while 
Ni2P and Ni12P5 were considered to be the perfect hydrotreating catalysts [12–14]. 
So, researchers have been trying to control the synthesis of nickel phosphide in the 
target phase, especially in the pure phase [15–20]. However, the controlled synthesis 
mostly depended on expensive reagents (trioctylphosphine, TOP and Ni(II)acety-
lacetonate, Ni(acac)2) [15–17] or harsh reaction conditions [18]. Moreover, many 
synthesis methods had to be carried out in small doses in an autoclave [19, 20]. 
Therefore, a simple, facile and low-cost route is important for the phase-controlled 
synthesis of nickel phosphide in large scale.

In our previous work [21], we developed a facile and simple method to synthe-
size small amorphous and crystalline Ni–P particles using inexpensive materials of 
nickel chloride hexahydrate and sodium hypophosphite. The production scale was 
theoretically free from the limitations of reactor and pressure because the process 
was carried out in an ordinary round bottom flask at ambient pressure. Based on this 
method, we further explored how to control synthesis of nickel phosphide in differ-
ent crystalline phases. In the present work, the target pure-phases (Ni2P and Ni12P5) 
were made via thermal treating the crystalline nickel phosphides in N2 flow. Addi-
tionally, the phosphides particles maintained nanosizes even after the thermal treat-
ment. The catalytic performances of as-synthesized nickel phosphides were investi-
gated in the hydrogenation of nitrobenzene.

Experimental

Synthesis

The crystalline nickel phosphide (Ni–P) was synthesized according to our previ-
ous work [21]. The synthesis conditions were as follows: temperature 170  °C, 
time 5 h, initial Ni/P ratios 1/2, 1/3, 1/4 and 1/5. The as-synthesized nickel phos-
phide was then thermal treated in N2 to make controlled phases Ni2P and Ni12P5. In 
detail, crystalline Ni–P was placed in a tube furnace and purged in 20 mL/min N2 
at room temperature for 30 min. Then, the sample was heated to a set temperature 
(100–500 °C) at the rate of 2.5 °C/min and kept in the terminal temperature for a 
certain time (1–10  h). Finally, the thermal treated phosphide was cooled to room 
temperature in the N2 flow.
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Characterization

X-ray diffraction (XRD) was performed by a Bruker D8 Advance X-ray diffrac-
tometer with Cu Kα radiation, employing a scanning rate of 2° min−1 and scanning 
range of 5–80°. SEM images of various samples were collected by a QUANTA 200 
(FEI) equipment. X-ray photoelectron spectroscopy (XPS) was recorded on a RBD 
upgraded PHI-5000C ESCA system (Perkin Elmer) with Mg or Al Kα radiation.

Reactivity studies

The catalytic activities of the samples were tested in a 50 mL stainless steel auto-
clave for the hydrogenation of nitrobenzene. After 20 mg catalyst, 0.5 mL nitroben-
zene and 10 mL solvent ethanol were added into the reactor, argon was passed to 
remove the air. Finally, 1.0 MPa hydrogen was injected and the activity tests were 
carried out at 100  °C for 1  h. After reaction, the catalyst was separated from the 
solution by centrifugation and the products were analyzed by GC with a SE-54 cap-
illary column using toluene as the internal standard.

Results and discussion

Characterization of catalysts

XRD

The XRD patterns of untreated and thermal treated nickel phosphides under differ-
ent temperatures and times are shown in Fig. 1. As shown in Fig. 1A, the untreated 
nickel phosphide exhibited three diffraction peaks at around 32.8, 42.4, and 47.4°. 
The peaks were indexed as Ni12P5 phase (JCPDS No. 651623). However, the peaks 

A B

Fig. 1   XRD patterns of various samples treated under different temperatures and times. Initial Ni/P: 1/3
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at 42.4, and 47.4° were wider than the standard peaks, which were considered to be 
the Ni12P5 phases without complete crystallization. After treatment at 100  °C for 
7 h and 200 °C for 2 h, the diffraction peaks of nickel phosphide hardly changed, 
which indicated that the phase of nickel phosphide was stable under mild conditions. 
At 200 °C, the crystalline phase began to change when the thermal treatment time 
was extended to 7 h, and new peaks at 38.4, 41.8, 44.4, 49.0 and 56.2° for Ni12P5 
emerged. As further raising the temperature from 300 to 500 °C, the peaks of Ni2P 
phase began to appear and became dominant at high temperatures. Meanwhile, the 
peaks of Ni12P5 phase decreased gradually and disappeared eventually at 500  °C. 
Obvious phase transitions could be observed at medium temperature of 300 °C. It 
was noteworthy that NiO peaks appeared at high temperatures (400 and 500  °C), 
which may be caused by the decomposition of nickel phosphate generated during 
the synthesis of nickel phosphide.

The temperature of thermal treatment was fixed at 300 °C to further investigate 
the effect of time on the phase transition. The results showed that the effect of time 
was significant (Fig.  1B). At short times (1 and 2  h), the mixture of Ni12P5 and 
Ni2P were obtained, but the major phase was Ni12P5. As prolonging the time, Ni2P 
became to the major phase gradually, and finally became to the pure phase at 7 h. No 
new phase appeared when the time was extended to 10 h, suggesting that the gener-
ated Ni2P phase was relatively stable. These results clearly indicated that lower tem-
perature and shorter time favored the formation of Ni12P5, while higher temperature 
and longer time favored the formation of Ni2P. However, it was difficult to get pure-
phase of Ni12P5 with high crystallinity through simply adjusting the temperature and 
time.

To obtain the pure Ni12P5 phase with high crystallinity, we tried to change the 
initial Ni/P ratio. Based on above experiences, 200 °C and 7 h were selected as the 
thermal treatment conditions. Fig. 2A shows the XRD patterns of untreated nickel 
phosphides with different initial Ni/P ratios. Amorphous structure was obtained 

A B

Fig. 2   XRD patterns of nickel phosphides with different initial Ni/P ratios. A without treatment; B ther-
mal treatment under 200 °C and 7 h



457

1 3

Reaction Kinetics, Mechanisms and Catalysis (2019) 126:453–461	

at the high Ni/P ratio of 1/2, while crystalline structures with the same diffraction 
peaks were obtained during the Ni/P ratios of 1/3–1/5. After thermal treatment at 
200 °C for 7 h, all samples gave the similar peaks corresponding to the pure-phase 
of Ni12P5. The only difference was that the intensity of peaks was weaker at higher 
Ni/P ratios (1/2 and 1/3) and higher at lower Ni/P ratios (1/4 and 1/5). It indicated 
that increasing the amount of phosphorus source can promote the crystallization of 
Ni12P5.

SEM

Fig.  3 shows the SEM results of untreated and thermal treated nickel phosphides 
under different conditions. The untreated nickel phosphide gave small and uniform 
particles around 30-80 nm. There was no change for the particles when nickel phos-
phide was treated at 100 °C for 7 h. It was consistent with the result of XRD, prov-
ing that nickel phosphide particles were stable at 100  °C. With raising the treat-
ment temperature and prolonging the time, the particle sizes of nickel phosphides 
increased slightly. However, all nickel phosphide particles treated under differ-
ent conditions (even at a high temperature of 400  °C) still maintained nanosizes 
(< 200 nm) without serious agglomeration. It suggested that the method in this work 
can effectively control the particle sizes of nickel phosphide. In addition, under the 
same treatment conditions (200 °C, 7 h), nickel phosphide with initial Ni/P of 1/4 

Fig. 3   SEM images of untreated and thermal treated nickel phosphides. A–G initial Ni/P: 1/3; H initial 
Ni/P: 1/4
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showed smaller particles (30–70 nm) than that (40–100 nm) with initial Ni/P of 1/3. 
This might be because more phosphorus sources produced more PH3 gas during the 
preparation process, which was conducive to the generation of smaller particles of 
nickel phosphide.

XPS

The chemical states of Ni and P in the untreated nickel phosphide (Ni–P) and ther-
mal treated nickel phosphides (Ni12P5 and Ni2P) were characterized by XPS. In the 
Ni 2p spectra shown in Fig.  4, the Ni 2p3/2 peaks at 852.3 and 855.4  eV for the 
untreated Ni–P were corresponding to the Ni 2p1/2 peaks at 873.5 and 869.7  eV, 
which were assigned to Niδ+ (0 < δ < 2) in phosphide and oxidized Ni species, 
respectively [22]. The peak at 861.3 eV was assigned to the satellite of Ni 2p3/2 [23]. 
The thermal treated nickel phosphides Ni12P5 and Ni2P showed the similar Ni 2p3/2 
and Ni 2p1/2 peaks. However, compared to the Ni 2p spectrum of untreated nickel 
phosphide, Niδ+ and oxidized Ni for Ni 2p3/2 shifted to higher binding energy levels 
after thermal treatment. In P 2p spectra, the peaks at around 129.5 and 133.4  eV 
for untreated nickel phosphide were assigned to Pδ− (0 < δ < 1) in phosphide and 
oxidized P species on the surface of phosphide [16]. The peak at 130.2  eV was 
also considered to be Pδ− due to some interaction between Ni2+ and Pδ− [21]. The 
thermal treated nickel phosphides (Ni12P5 and Ni2P) exhibited two similar peaks 
at 130.2 and 133.6 eV without the peak around 129.5 eV. In addition, P 2p spec-
tra showed that Ni12P5 and Ni2P had more oxidized P species compared with the 
untreated Ni–P. Apparently, the passivation reaction on the surface was easier for 
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Fig. 4   XPS spectra of Ni and P 2p for Ni–P, Ni12P5 and Ni2P. Ni–P: initial Ni/P of 1/3, without treat-
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the thermal treated nickel phosphides when the samples were exposed to air. It also 
indicated that the reactivity for Ni12P5 and Ni2P would be higher than the untreated 
Ni–P. From the change of above Ni and P 2p spectra, it could be seen that some 
electron transfer ought to occur during the thermal treatment process.

Catalytic hydrogenation performances

Fig. 5 shows the catalytic performances of various nickel phosphides in the hydro-
genation of nitrobenzene. High selectivities to aniline (≥ 99.0%) with tiny side-
product of cyclohexylamine were obtained over all nickel phosphides. The untreated 
Ni–P gave a much low conversion of nitrobenzene of 40.2%. A similar activity was 
observed over Ni–P-100 °C-7 h, because of no changes for crystalline phase (Fig. 1) 
and particle size (Fig.  3) by thermal treatment at 100  °C. It was noteworthy that 
the other thermal treated nickel phosphides all showed enhanced activities even if 
the particle sizes had some slight increase after thermal treatment (Fig. 3). Moreo-
ver, with raising the treated temperature and prolonging the time, the conversion of 
nitrobenzene increased gradually. The improvement of activity was considered to be 
attributed to the transition of crystalline phase of nickel phosphides according to the 
results of XRD. Ni2P and Ni12P5 were proved to be the highly active phases for the 
hydrogenation of nitrobenzene. So those nickel phosphides with better crystallinity 
of Ni2P or Ni12P5 gave higher catalytic activities. When the initial Ni/P ratio was 1/3, 
Ni–P-300 °C-7 h with almost pure Ni2P phase exhibited the highest conversion of 
80.5%. Ni–P-400 °C-2 h showed a slightly lower activity than Ni–P-300 °C-7 h due 
to the existence of NiO species (Fig. 1) as well as the larger particle sizes (Fig. 3). 
When the initial Ni/P ratio was 1/4, Ni–P-200 °C-7 h with pure Ni12P5 phase (Fig. 2) 
gave a much high conversion of 84.2%.

It is well known that hydrogenation of nitrobenzene is an important reaction 
usually catalyzed by the noble metal of Pd [24, 25]. Developing cheap and effi-
cient catalysts to replace noble metals for the hydrogenation of nitrobenzene 
remains a challenge. In recent years, various Co, Ni and Mo-based catalysts were 

Fig. 5   Catalytic performances 
of thermal treated nickel 
phosphides in the hydrogenation 
of nitrobenzene. Reaction condi-
tions: 20 mg catalyst, 0.5 mL 
nitrobenzene, 10 mL ethanol, 
100 °C, 1.0 MPa H2 pressure, 
1 h. aInitial Ni/P: 1/3. bInitial 
Ni/P: 1/4
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fabricated. Compared to the state-of-the-art non-noble metal catalysts shown in 
Table S1, the Ni–P catalysts synthesized in this work gave higher reaction rates 
even at mild conditions.

Conclusions

Pure-phase nickel phosphides (Ni2P and Ni12P5) could be synthesized by sim-
ple thermal treatment of nickel phosphide nanoparticles prepared in glycol at 
low temperature. Lower temperature and shorter time favored the formation of 
Ni12P5, while higher temperature and longer time favored the formation of Ni2P. 
Additionally, at the low temperature 200  °C, a low Ni/P ratio is conducive to 
increasing the crystallinity of Ni12P5. Surprisingly, no serious agglomeration was 
observed when the nickel phosphides were treated under different conditions, and 
all the particles maintained their nanosizes. The phosphides after thermal treat-
ment, especially those with high crystallinity and pure-phase (Ni2P and Ni12P5), 
showed high catalytic hydrogenation activities in the hydrogenation of nitroben-
zene. It suggested that the activity of nickel phosphide was closely related to its 
crystalline phase.
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