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Novel synthesis of NiMoP phosphide catalyst in a CH4-CO2 gas mixture
Zhichao Li,a Qingyou Liu,*b Yan Shi,a Zhiwei Yao,*a Wei Dinga and Yue Suna 

NiMo bimetallic phosphide was synthesized from corresponding 
5 oxidic precursor in a 1:1 CH4:CO2 gas mixture for the first time. 

The in-situ synthesized NiMoP phase in the feed for CH4-CO2 
reforming can exhibit higher activity than the one prepared in 
H2.

Transition metal phosphides are a new class of interstitial 
10 compounds receiving much attention in recent years due to 

their widespread  applications in various fields, such as 
electronics, photonics, magnetism, catalysis and so on.1-4 In 
particular, monometallic (e.g. MoP and Ni2P) and bimetallic 
(e.g. NiMoP and CoMoP) phosphides have been identified as 

15 potential catalysts for many reactions such as hydrogenation 
and hydrotreating,5,6 dry (CO2) reforming of methane 
(DRM),7,8 N2H4 decomposition9,10 NO dissociation11 and 
electrocatalytic reactions including hydrogen evolution, 
oxygen reduction and evolution reactions.12-14 

20 Generally, phosphide catalysts are typically prepared by 
temperature programmed reduction (TPR) method, in which  
the reported reducing agents include H2,5 methane15 and 
dimethyl ether.16 Since the formation of phosphide from their 
corresponding oxidic precursors by H2-TPR (Scheme 1)17,18-24 

25 is thermodynamically unfavorable, the forward reaction has to 
be aided by high temperature and low water vapor pressure. 
Thus, phosphides can only be obtained at a low heating rate 
(e.g. 1 oC min-1) and a high H2 flow speed (e.g. 300 ml min-1)5 
to purge the water off the solid surface. In addition, a high 

30 concentration of water produced during the reaction process 
can lead to serious hydrothermal sintering of phosphide 
particles.25,26 In the case of the synthesis using methane and 
dimethyl ether as reducing agents, the resultant phosphide 
surface is usually contaminated by carbon deposition from the 

35 pyrolysis of CH4, which can block in the pores and cover the 
active sites.15,16 In this work, we developed a novel synthesis 
of NiMo bimetallic phosphide catalyst in a 1:1 CH4:CO2 gas 
mixture. Compared with the TPR method using H2, methane 
and dimethyl ether as reducing agents, the reaction products 

40 included a large amount of CO and H2 besides H2O in this 
novel synthesis route, which can mitigate hydrothermal 
sintering of phosphide particles and avoid carbon deposition 
on the surface. Moreover, the in-situ synthesized NiMoP 
catalyst in the feed for DRM could exhibit higher activity than 

45 the one prepared in H2. 

Scheme 1 A simplified equation for the preparation of phosphides by H2-
TPR method.

Fig. 1 shows the XRD patterns of the products from 
50 NixMoyP1 oxidic precursors with different Ni:Mo molar ratios 

in CH4/CO2 gas mixture. In the case of treating NixMo1P1 

(x=0, 0.3, 0.6, 1) precursors, the XRD pattern of the product 
from Ni0Mo1P1 showed the peaks of  MoOPO4 (main peaks at 

2θ=25.2, 28.9, 38.7 and 41.3o, PDF 73-2333), indicating that 
55 Mo phosphide cannot be in-situ synthesized during DRM. 

When the Ni (x=0.3) was added into the precursor, the 
product was composed of  MoOPO4, MoO2 (main peaks at 
2θ=26.0, 36.9, 37.0 and 53.4o, PDF 78-1071) and Ni2P2O7 
(main peaks at 2θ=29.6 and 30.6o, PDF 49-1082). With the 

60 increase of Ni content from x=0.3 to x=0.6, the MoOPO4 
reflections disappeared, and some weak peaks due to MoP 
(2θ=32.0 and 43.0o, PDF 65-6487) and NiMoP (main peaks at 
2θ=39.2, 43.2 and 47.3o, PDF 31-0873) were detected. With a 
further increase of  Ni content to x=1, the phase composition 

65 of the product was predominant NiMoP with very minor 
Ni12P5 (main peaks at 2θ=38.4, 41.8, 47.0 and 48.9o, PDF 74-
1381) and Mo3P (main peaks at 2θ=38.0, 42.4, 45.8 and 47.3o, 
PDF 89-2587). As for Ni1MoyP1 (y=0, 0.3, 0.6, 1) precursors, 
they all were reduced to phosphide phases. Note that there 

70 was a clear main phase transformation 
(NiMoP→NixMoyP27→NixP) with decreasing Mo content 
from y=1 to y=0 in the oxidic precursors. The results 
indicated that the increase of Ni/Mo molar ratio in the oxidic 
precursors can promote the formation of phosphide phase and 

75 well crystalline NiMoP phase can be obtained with a 
stoichiometric ratio of 1:1:1 Ni:Mo:P. The XRD result was in 
good agreement with the result of H2-TPR (Fig. 2) that the 
Ni1Mo0P1 was more easily reduced than Ni0Mo1P1 and the 
addition of Ni to precursor can facilitate precursor reduction. 

80

Fig. 1 XRD patterns of materials generated from the NixMoyP1 oxidic 
precursors  with different Ni:Mo molar ratios in CH4/CO2 gas mixture at 
900 oC for 5 h. (a) x=0, y=1, (b) x=0.3, y=1, (c) x=0.6, y=1, (d) x=1, y=1, 

(e) x=1, y=0.6, (f) x=1, y=0.3 and (g) x=1, y=0.
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Fig. 2 Profiles of H2-TPR of (a) Ni1Mo0P1, (b) Ni1Mo1P1 and (c) 
Ni0Mo1P1 precursors. 

Whereafter, XPS analysis was used to further determine 
5 the surface composition of as-prepared NiMoP sample from 

N1Mo1P1. Fig. 3 shows the XPS spectra of Ni 2p, Mo 3d and P 
2p levels for the NiMoP sample. It can be seen that the 
surface region of the sample was composed of oxidized 
species and phosphorized species. The binding energies of 

10 oxidized Ni (856.0 eV), Mo (228.8 and 232.5 eV) and P 
(133.1 eV) were agreed with assignments by others to Ni2+, 
Mo4+/Mo6+ and P5+ species,28,29 respectively. The binding 
energies of the peaks at 853.3, 227.9 and 129.8 eV were 
attributed to Niα+, Moδ+ and Pσ- in phosphide,23,26 respectively. 

15 The detection of these oxidized species should be attributed to 
surface oxidation of phosphide in the passivation process.29

Fig. 3 XPS spectra of Ni 2p, Mo 3d and P 2p regions of NiMoP sample 
prepared from Ni1Mo1P1 oxidic precursor.

20

Fig. 4 SEM (a) and TEM (b) images of NiMoP sample prepared from 
Ni1Mo1P1 oxidic precursor in CH4/CO2 gas mixture.

Fig. 5 Catalytic activity of the (a) Ni0Mo1P1,  (b) Ni1Mo1P1, (c) Ni1Mo0P1  
25 precursors, (d) H2-NiMoP in DRM and (e) estimated values of 

conversions at the reaction equilibrium. Reaction conditions: 
CH4:CO2=1:1, WHSV=9000 cm3 g-1 h-1, reaction pressure= 1 atm, 

reaction temperature=900 oC.
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Additionally, the morphology of as-prepared NiMoP 
sample (hereafter denoted as CH4/CO2-NiMoP) from N1Mo1P1 
was characterized by SEM and TEM. As shown in SEM 
image (Fig. 4a), the product consisted of aggregates of 

5 irregularly rod-shaped particles. The SEM result was in good 
agreement with the observation of TEM image (Fig. 4b). 
However, the NiMoP sample  (hereafter denoted as H2-NiMoP) 
obtained by H2-TPR consisted of large aggregates of particles 
(Fig. S1), indicating that serious hydrothermal sintering 

10 occurred in this synthesis process.30 Therefore, the surface 
area of CH4/CO2-NiMoP (8.1 m2 g-1) was higher than that of 
H2-NiMoP (4.2 m2 g-1). In addition, CHN analysis result 
showed no carbon in the CH4/CO2-NiMoP sample, indicating 
that no carbon deposition formed in the synthesis process.

15  

Fig. 6 XRD patterns of the products obtained from Ni1Mo1P1 precursor 
with different time in CH4/CO2 at 900 oC. (a) 0 h, (b) 1 h, (c) 3 h, (d) 5 h 

and (e) 30 h. 

20 The catalytic activity of the Ni0Mo1P1, Ni1Mo1P1 and 
Ni1Mo0P1 precursors in DRM was investigated at 900 oC (Fig. 
5). Among the three samples, the Ni0Mo1P1 precursor 
exhibited the poorest activity with CH4 and CO2 conversions 
of ca. 7 and 10%, respectively within a period of 5 h. This was 

25 because the Ni0Mo1P1 precursor cannot be reduced to MoP in 
CH4/CO2 gas mixture (see Fig. 1) and the MoOPO4 product 
was almost not active for DRM. In the case of the Ni1Mo1P1 
and Ni1Mo0P1 precursors, there was a rapid increase in CH4 
and CO2 conversions in the initial period, which should be 

30 attributed to the in-situ formation of NiMoP from Ni1Mo1P1 

and NixP from Ni1Mo0P1, as suggested by XRD result (see 
Fig. 1). Note that the NiMoP (XCH4=~83% and XCO2=~87%) 
showed much higher CH4 and CO2 conversions than NixP 
(XCH4=~15% and XCO2=~19%) when the reaction proceeded to 

35 reach its steady state. In addition, the high activity and 
selectivity (see Fig. S2) can be maintained over the catalyst 
for the duration of the experiment of 30 h and there was 
almost no change on the catalyst structure during the reaction 
from 5 to 30 h, as proved later by XRD. For the sake of 

40 comparison, the DRM performance of NiMoP catalyst 
prepared in H2 was also investigated under similar reaction 
conditions (see Figs. 5 and S2). It can be seen that the 
conversions over both CH4/CO2-NiMoP and H2-NiMoP were 
far away from the values (XCH4=~96% and XCO2=~98%) at the 

45 reaction equilibrium.31 And the conversions over CH4/CO2-
NiMoP were slightly higher (about 6%) than those over H2-
NiMoP under a WHSV=9000 cm3 g-1 h-1. When the WHSV 
was increased to 24000 cm3 g-1 h-1, the values of XCH4 and 
XCO2 for CH4/CO2-NiMoP were above 10% higher than those 

50 for H2-NiMoP (Fig. S3). These results should be mainly 
attributed to its higher surface area and better particle 
dispersion (see Figs. 4 and S1).

Finally, in order to investigate the formation process of 
the NiMoP in CH4/CO2 gas mixture, some intermediate 

55 samples were characterized. Fig. 6 shows the XRD patterns of 
the products obtained from Ni1Mo1P1 precursor with different 
time in CH4/CO2 at 900 oC. At 0 h, the precursor was 
transformed into a mixture phase of MoO2 and Ni2P2O7. This 
mixture should also include amorphous POx.25 When the time 

60 increased to 1 h, a small amount of desired product NiMoP 
had appeared. With further increasing time, the intensity of 
the MoO2 and Ni2P2O7 peaks gradually decreased, and the 
Ni1Mo1P1 precursor had been basically transformed into a 
single NiMoP phase at 5 h except a small quantity of Mo3P 

65 and Ni12P5 phases. 

Fig. 7 Dissociation rates of CH4 and CO2 over MoP, Ni2P and NiMoP 
catalylsts. Reaction conditions: CH4:Ar=1:50, CO2:Ar=1:50, 

WHSV=30000 cm3 g-1 h-1, reaction time=10 min, reaction temperature= 
70 900 oC. 

It had been confirmed from XRD that Ni2P2O7 can be 
reduced easily to NixP in CH4/CO2 (see Figs. 1 and 2). And 
the CH4 and CO2 dissociation studies (Fig. 7) indicated that 
the Ni2P exhibited relatively high activity for CH4 

75 dissociation but relatively low activity for CO2 dissociation. 
Therefore, it was reasonable to deduce that once the NixP was 
formed, the Mo species might be reduced to MoxP by H2 from 
CH4 dissociation over NixP. It was also found from Fig. S4 
that the Ni phosphide can directly react with the Mo 

80 phosphide to form NixMoyP.27 Thus, the formation process of 
NiMoP from Ni1Mo1P1 precursor was proposed as follows: (i) 
the NixP was formed in CH4/CO2; (ii) the MoxP was formed in 
NixP-catalyzed CH4 dissociation; (iii) the NixP reacted with 
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MoxP to produce NiMoP. Note that the reaction products 
included a large amount of CO and H2 besides H2O, which 
can mitigate the hydrothermal sintering of phosphide particles 
and avoid carbon deposition on the surface.

5 Conclusions

In summary, we developed a novel in-situ approach to 
produce NiMoP catalyst in CH4-CO2 for the DRM. In this 
method, first the NixP was formed and then the MoxP was 
formed in NixP-catalyzed CH4 dissociation. Finally, the NixP 

10 reacted with MoxP to produce NiMoP. Compared with 
traditional H2-TPR method, the reaction products included a 
large amount of CO and H2 besides H2O in this novel 
synthesis route, which can mitigate hydrothermal sintering of 
phosphide particles. The in-situ synthesized NiMoP in CH4-

15 CO2 showed higher DRM activity than the NiMoP catalyst 
prepared in H2, which should be mainly attributed to its higher 
surface area and better particle dispersion. 
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