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Abstract: Jet fuel rich in hydroaromatics and cycloalkanes could be derived from direct coal lique-
faction oil via the hydrogenation saturation process. Developing an efficient catalyst to transform
naphthalene hydrocarbons to hydroaromatics and cycloalkanes with high selectivity plays a signifi-
cant role in realizing the above hydrogenation saturation process. In this work, Ni2P/Al2O3 catalysts
were prepared at different reduction temperatures via the thermal decomposition of hypophosphite.
We investigated the influence of reduction temperature and the results showed that reduction tem-
perature had an important impact on the properties of Ni2P/Al2O3 catalysts. When the reduction
temperature was 400 ◦C, the Ni2P particle size of the Ni2P/Al2O3 catalyst was 3.8 nm and its specific
surface area was 170 m2/g. Furthermore, the Ni2P/Al2O3 catalyst reduced at 400 ◦C obtained 98%
naphthalene conversion and 98% decalin selectivity. The superior catalytic activity was attributed to
the smaller Ni2P particle size, higher specific surface area and suitable acidity, which enhanced the
adsorption of naphthalene on Ni2P/Al2O3 catalyst.

Keywords: nickel phosphide; reduction temperature; naphthalene hydrogenation; thermal decomposition
of hypophosphite

1. Introduction

The process of transforming direct coal liquefaction oil into high performance jet
fuel has notable features such as low hydrogen consumption, the high added value of
the product, and it conforms to our national requirements [1–3]. The main point of the
whole process is the preparation of efficient hydrogenation catalysts for aromatics’ hydro-
genation saturation in the feedstock. Naphthalene is a typical aromatic ring compound
contained in direct coal liquefaction oil; nevertheless, it is very difficult to realize complete
saturation in the hydrogenation process [4]. The traditional transition metal sulfide hydro-
genation catalysts perform poorly in the naphthalene hydrogenation process [5,6], and the
required reaction conditions are generally harsh, which makes it difficult to meet the actual
production requirements. Although the noble metal catalysts have good hydrogenation
activity [7,8], their low yield and high price are not conducive to large-scale industrial ap-
plications. Thus, the development of efficient and easily available hydrogenation catalysts
has become urgent in order to realize the process of transforming direct coal liquefaction
oil into high-performance jet fuel.

In recent years, Ni2P catalysts have shown high intrinsic hydrogenation activity in
hydrodesulfurization [9,10] and hydrodenitrogenation reactions [11,12] due to their special
crystal morphology and physicochemical properties, and they are expected to be the new
generation of highly efficient aromatic hydrosaturation catalysts [13,14]. Unlike metal
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carbides and nitrides, the radius of P atoms (0.109 nm) is much larger than that of C atoms
(0.071 nm) and N atoms (0.065 nm). In order to stabilize the crystal structure, P atoms
cannot enter the metal lattice interstices, but can only enter the trigonal structure of the
phosphide and occupy its internal voids, forming a filled compound. Compared with the
layered structure of commercial metal sulfide catalysts, the spherical structure of transition
metal phosphide catalysts, which consists of stacked trigonal structural units, has more
prismatic and angular positions, which can provide more ligand-unsaturated surface atoms
and expose more active sites for hydrogenation reactions.

It has been proven that Ni2P has the highest catalytic activity among many phosphide
catalysts and Ni2P catalysts have been applied to aromatic hydrogenation reactions [15–20].
Weber et al. found that the higher the dispersion of Ni2P, the better the hydrodesulfur-
ization performance of the catalyst [21]. Oyama et al. found that the smaller the Ni2P
particles, the stronger the Ni-P bond in the Ni2P active phase formed, which could en-
hance the activity and stability of the catalyst [22]. Li and Ni et al. found that the phase
composition and morphology of Ni2P were closely related to its hydrodesulfurization and
hydrodenitrogenation reaction activity [23,24].

Al2O3 is commonly used as a carrier for hydrogenation catalysts in industry, however,
when Ni2P/Al2O3 was prepared by the traditional programmed-temperature reduction
method, it was difficult to prepare the Ni2P active phase on Al2O3 carrier, which was due
to the strong interaction between Al2O3 and P species in the precursor to form AlPO4 at
high roasting temperatures; this seriously limits the application of Al2O3 carrier in Ni2P
catalysts [25–28]. It is generally believed that the interaction between Al2O3 and P becomes
weaker at low temperatures, and researchers have successfully prepared Ni2P catalysts
by thermal decomposition of hypophosphite at low temperatures. It has been shown
that the preparation of Ni2P catalysts by the thermal decomposition of hypophosphite is
strongly influenced by the reduction temperature. At lower reduction temperatures, the
generated Ni2P phase is impure and less abundant, while at higher reduction temperatures,
the dispersion of the Ni2P phase decreased and aggregated to form large Ni2P particles,
which reduced the catalyst activity. Lan et al. obtained Ni2P/SiO2 catalysts by reducing
the catalyst precursors at 350 ◦C, 450 ◦C and 550 ◦C using phosphite and hypophosphite as
phosphorus source, respectively. They found that the catalysts prepared at 450 ◦C had the
optimal hydrodeoxygenation performance, which was related to their higher number of
active sites and higher dispersion [21]. Therefore, in the preparation of Ni2P catalysts by
the thermal decomposition of hypophosphite, the reduction temperature not only affects
the morphology, particle size, dispersion, and reduction degree of the Ni2P active phase,
but also affects the catalyst surface properties, which in turn affects the catalyst activity.
However, most of the current studies have investigated the effect of reduction temperature
on the catalyst structure in inert carriers (SiO2, MCM-41). We know that even for the
same active components, different supports can lead to different catalyst microstructures of
the active components, which in turn affect the hydrogenation saturation performance of
the catalysts.

Therefore, the Ni2P/Al2O3 catalyst was prepared by thermal decomposition using the
hypophosphite method, and the influence of the reduction temperature on the Ni2P phase
formation, Ni2P crystal structure, Ni2P particle size and its naphthalene hydrogenation
saturation performance was investigated.

2. Materials and Methods

The isovolumetric impregnation method was employed to synthesize the catalysts
as described in our previous work [18], and Ni loading was kept at 10 wt.%. Firstly,
a certain amount of nickel acetate tetrahydrate (Ni(CH3COO)2·4H2O, analytical pure,
Tianjin Kemiou Chemical Reagent Co., Ltd., Tianjin, China) and ammonium hypophosphite
(NH4H2PO2, analytical pure, Aladdin, Shanghai, China) were dissolved in the proper
amount of distilled water according to the P/Ni molar ratio of 2 to obtain a uniform
solution. Then a certain amount of Al2O3 powder (99.99%, Aladdin, Shanghai, China) was
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slowly added to the obtained solution and stirred at room temperature for 12 h, and the
catalyst precursor was obtained after being dried at 60 ◦C for 12 h. The precursor was
reduced in an H2 atmosphere at a rate of 2 ◦C min−1 at different reduction temperatures
and maintained for 2 h with a H2 flow rate of 100 mL min−1. To prevent the oxidation
of the catalyst by vapor and oxygen in the air, the reduction procedure was ended by
passivation with 1% vol of O2/N2 at a gas flow rate of 30 mL min−1 for 1 h. The catalysts
were marked as Cat-300, Cat-350, Cat-400, Cat-450, Cat-500 according to the differences
in the reduction temperature. Furthermore, PH3 might be produced during the precursor
decomposition process; thus, the generated PH3 was recovered according to the following
reaction principle, which is shown in Equation (1).

10PH3 + 16KMnO4 + 19H2SO4 = 16MnSO4 + 10KH2PO4 + 3K2SO4 + 24H2O (1)

An X-ray diffractometer (Rigaku, Japan) was used to analyze the crystal structure
of the catalysts. The Cu target was employed as the radiation source, the tube voltage
and tube current were 40 kV and 40 mA, respectively, the scanning angle was 10–80◦ and
the scanning rate was 8◦ min−1. The specific surface area and pore structure tests of the
catalysts were performed using a JW-BKl22W physical adsorption instrument. The catalysts
were pretreated in a vacuum atmosphere at 300 ◦C for 3 h. The N2 adsorption–desorption
experiments were done at −196 ◦C, and the specific surface area of the catalysts was calcu-
lated by the BET equation. The morphology of catalysts was observed via transmission
electron microscope (JEM-2100F, Japan Co., Ltd., Tokyo, Japan). The surface elemental
state of the catalysts was analyzed by X-ray photoelectron spectrometer (ESCALAB 250Xi,
Thermo Fisher Scientific, Waltham, MA, USA). The CO pulse adsorption experiments were
carried out to monitor the active site number of catalysts on AutochemII 2920 Chemisorp-
tion Analyzer (Micromeritics, Atlanta, GA, USA). First, 100 mg catalyst was put in a
U-shaped quartz tube, and reduced at 360 ◦C for 2 h in 10 vol% H2/Ar flow with a rate
of 50 mL min−1. After the reduction, the temperature was decreased to room temperature
under Ar gas, and then 5 vol% CO/Ar was pulsed into the reactor with 0.1 mL sampling
loop capacity until the adsorption saturation. NH3-TPD analysis was performed on an Au-
tochemII 2920 Chemisorption Analyzer (Micromeritics, Atlanta, GA, USA) to analyze the
acidic properties of the catalysts. A total of 0.06 g of passivated catalyst was first reduced
by 10 vol% H2/Ar gas with a flow rate of 50 mL min−1 for 2 h at a certain temperature,
which was 40 ◦C lower than the corresponding reduction temperature. After reduction,
the catalysts were cooled to 100 ◦C in a He atmosphere, and then the gas was switched
to 3 vol% NH3/He mixture to adsorb NH3 at 100 ◦C for 30 min. The temperature was
then increased to 700 ◦C at a rate of 10 ◦C min−1 for NH3 desorption in a He atmosphere.
Pyridine infrared adsorption (Py-IR) was used to analyze the acidity type and the acidity
values via Fourier transform infrared spectrometer (Tensor 27, Bruker, Baden-Württemberg
Karlsruhe, Germany). Then, 0.01 g catalyst was evaluated in situ at 400 ◦C for 1 h under
vacuum (10−2 Pa), and cooled down to room temperature to record the sample skeleton.
Pyridine was introduced for adsorption. After removing the excess pyridine in the tube,
the temperature was increased to 150 ◦C and kept for 1 h. The pyridine infrared spectrum
was obtained when the temperature was dropped to room temperature.

Next, 0.2 g of the catalysts (0.25–0.42 mm) was placed in the reaction tube of a fixed-
bed reactor to evaluate the naphthalene hydrogenation performance. The catalyst was first
reduced at different reduction temperatures in the presence of 100 mL min−1 H2 for 2 h, and
then 3 wt.% naphthalene in decane was fed at a rate of 6 mL h−1 and H2 was fed at a rate of
60 mL min−1. The reaction temperature was 300 ◦C, and the reaction pressure was 4.0 MPa.
Each hydrogenation saturation reaction proceeded for 8 h. Every hour we sampled the
hydrogenation saturation products and they were analyzed by GC after mixing them with
dodecane. All the reactions were carried out 3 times, and the recorded data were thought to
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be accurate when the relative deviation was less than 3%. The following formula presents
the method used to evaluate the hydrogenation saturation performance.

XC10H8 =
NC10H8,in −NC10H8,out

NC10H8,in
× 100% (2)

Sj =
Nj

∑ Nj
× 100% (3)

Herein, XC10H8 is naphthalene conversion, Sj is product selectivity, NC10H8,out is the
amount of inlet C10H8, mol, NC10H8,out is the amount of outlet C10H8, mol, Nj is the amount
of each product, mol, and ∑Nj is the total amount of all products, mol.

3. Results
3.1. Characterization of the Catalysts
3.1.1. Crystalline Structure

Figure 1 shows the XRD patterns of different Ni2P/Al2O3 catalysts. As shown in
Figure 1, when the reduction temperature was 300–400 ◦C, the prepared catalysts only
showed diffraction peaks at 45.59◦ and 67.37◦, which belong to the Al2O3 (PDF: 29-0063)
support, and no characteristic diffraction peaks of Ni2P appeared. This might be due to
the low content of the generated Ni2P or the highly dispersed state of Ni2P [19]. When the
reduction temperature increased to 450 ◦C, the catalyst started to show the characteristic
diffraction peaks of Ni2P at 40.7◦ and 54.2◦ (PDF:03-0953). When the reduction temperature
was further elevated to 500 ◦C, compared to the catalyst reduced at 450 ◦C, the intensity of
the diffraction peaks became stronger and the half-peak width became narrower, which
indicated that the grain size of Ni2P gradually became larger as the reduction temperature
increased. Comparing the diffraction peak patterns of the catalysts prepared at different
reduction temperatures, it can be seen that the grain size of Ni2P gradually increased with
the increase in the reduction temperature, indicating that Ni2P was continuously reduced
out during the process.
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Figure 1. X-ray diffraction spectra of different Ni2P/Al2O3 catalysts.

3.1.2. Morphology and Particle Size

The morphology of different Ni2P/Al2O3 catalysts are shown in Figure 2. It was found
that the morphology of Ni2P catalysts was spherical, and this was beneficial as it led to
better dispersion on Al2O3 and exposed more active sites, resulting in higher hydrogenation
activity [20]. When the reduction temperature was 300–400 ◦C, the Ni2P particles were
uniformly and highly dispersed on the Al2O3 support, while partial agglomeration of the
Ni2P particles occurred when the reduction temperatures increased to 450 ◦C and 500 ◦C.
The particle sizes of the Ni2P/Al2O3 catalysts prepared at different reduction temperatures
are listed in Table 1. The results showed that the particle size gradually increased with the
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increase in the reduction temperature (3 nm→ 7 nm), and this trend was consistent with the
XRD results. It was noteworthy that the particle size growth rate of the reduced Ni2P/Al2O3
catalysts was slow when the reduction temperature was less than 400 ◦C, however, when
the reduction temperature was higher than 400 ◦C, the particle size growth rate of the
reduced Ni2P/Al2O3 catalysts was faster, which was due to the agglomeration in the
catalysts prepared at 450 ◦C and 500 ◦C, resulting in larger Ni2P particles. High-resolution
TEM images of Ni2P/Al2O3 catalysts prepared at different reduction temperatures further
demonstrated that the lattice spacing of all the prepared catalysts was 0.22 nm, which was
consistent with the crystallographic spacing of the Ni2P (111), indicating that the Ni2P
active phase could be generated when the reduction temperature was between 300–500 ◦C.
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Table 1. Niδ+ and Pδ− peak area of different Ni2P/Al2O3 catalysts.

Catalyst Niδ+ Peak Area Pδ− Peak Area Niδ+ area
Percentage (%)

Pδ− Area
Percentage (%)

Cat-300 6053 214 9.95 11.29
Cat-350 7256 507 11.67 18.40
Cat-400 9506 519 32.91 28.66
Cat-450 3735 257 15.72 12.47
Cat-500 2450 209 11.03 12.67

3.1.3. Electronic Properties

In order to investigate the surface composition and elemental valence of the catalysts,
the Ni2P/Al2O3 catalysts prepared at different reduction temperatures were characterized
by XPS. Figure 3 presents the XPS spectra of Ni 2p and P 2p on Ni2P/Al2O3 catalysts
prepared at different reduction temperatures. According to the literature [21,22], the 2p
electron orbital decomposition of the Ni atom splits into Ni 2p1/2 and Ni 2p3/2, and each
has a companion peak. The binding energies between 853.0 and 853.5 eV were caused by
Niδ+, and the binding energies between 856.0 and 857.3 eV were caused by Ni2+ interacting
with PO4

3−. It is generally believed that the binding energy in the range of 129.0–129.5 eV
was due to Pδ−, 133.0–133.7 eV binding energy was due to the unreduced HPO4

2−, and the
binding energy at 134–135 eV was due to PO4

3− derived from surface passivation. From
Figure 3a, it can be seen that Niδ+ (0 < δ < 1) and Ni2+ were present on all the catalysts;
and combined with the high-resolution TEM results in Figure 2, it is clear that Ni2P/Al2O3
catalysts can be prepared by reducing the precursors at 300–500 ◦C. Comparing the peak
patterns of catalysts prepared at different reduction temperatures, it was seen that the
Niδ+ area percentage (Table 1) became larger with the increased reduction temperature
when the Ni2P/Al2O3 catalysts were prepared at reduction temperatures of 300–400 ◦C,
which indicated that Niδ+ was continuously reduced out with the increase in reduction
temperature. When the reduction temperature was higher than 400 ◦C, the Niδ+ area
percentage became smaller with the further increase in the reduction temperature, which
suggested that the catalysts prepared at 400 ◦C possessed the most Ni2P active phases.
From Figure 3b, it can be seen that Pδ− (0 < δ < 1) appeared on all the catalysts and the
Pδ− area percentage increased gradually with the increasing reduction temperature. The
Cat-400 catalyst had the largest Pδ− area percentage, indicating that Cat-400 had the most
Ni2P active phases. The peaks appearing at 133.7 eV and 134.2 eV for the Cat-300 catalyst
were attributed to HPO4

2− and PO4
3−; the former was due to the precursor decomposition

while the latter was the result of a combination of the precursor decomposition and the
passivation process. No H2PO2

− peak appeared, which indicated that the precursor could
be decomposed completely at 300 ◦C, producing the unreduced HPO4

2− and PO4
3−. In

contrast, when the reduction temperature was higher than 350 ◦C, only the peak of PO4
3−

was present in the catalyst, which indicated that HPO4
2− was reduced completely at 350 ◦C.
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3.1.4. Acidic Analysis

The reduction temperature not only affected the Ni2P active phase, but also had
an important effect on the catalyst’s surface acid content and strength, etc. Therefore,
the different Ni2P/Al2O3 catalysts were analyzed by NH3-TPD (Figure 4). As shown
in Figure 4, compared with the blank Al2O3 support, Ni2P/Al2O3 catalysts prepared at
reduction temperatures of 300–400 ◦C showed a clear NH3 desorption peak near 210 ◦C,
meaning that there was weak acid in the catalyst, which was caused by the deposition of
P-OH in the catalyst. According to the NH3-TPD principle, we know that the desorption
peak area size was in direct proportion to the amount of acid on the catalyst surface. When
the reduction temperature was elevated from 300 ◦C to 400 ◦C, the NH3 desorption peak
area decreased, suggesting that the acid content on the catalyst surface gradually decreased,
which may be due to the increase in the reduction temperature, the P species on the catalyst
surface were gradually reduced out, resulting in the decrease in the acid content. When the
reduction temperature increased from 400 ◦C to 500 ◦C, the NH3 desorption temperature
decreased by about 30 ◦C (210 ◦C→ 180 ◦C), which implied that the intensity of the catalyst
surface acid became lower as the reduction temperature increased when the reduction
temperature was higher than 400 ◦C.
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In order to further understand the acidic type and the acidity values of different
Ni2P/Al2O3 catalysts, the catalysts were subjected to pyridine infrared adsorption (Py-
IR, Table 2). From Table 2, it can be seen that the blank Al2O3 support only possessed
Lewis acidity. When Ni2P was formed on the Al2O3, the acidic type and the acidity values
of the Ni2P/Al2O3 catalysts were changed. It was clear that the Lewis acidity value of
all the Ni2P/Al2O3 catalysts was much higher than that of the Bronsted acidity. When
the reduction temperature increased from 300–400 ◦C, the Lewis acidity value gradually
decreased, which was due to the fact that more Ni2P particles were reduced and blocked
the acid sites on the catalyst surface. When the reduction temperature was 400–500 ◦C, the
Lewis acidity value decreased greatly. Combined with NH3-TPD analysis, this phenomenon
might be due to the enhanced interaction between P species and the hydroxyl groups
on Al2O3.

3.1.5. Textural and Structural Property

In the preparation process of Ni2P/Al2O3 catalysts, the reduction temperature not
only affected the generation of Ni2P, but also had an effect on the deposition of phosphorus
on the catalyst surface, which in turn affected the specific surface area and pore structure
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of the catalyst. Table 1 shows the specific surface area and pore structure parameters of
different Ni2P/Al2O3 catalysts. As shown in Table 3, the specific surface area and pore size
of the catalysts varied with the reduction temperatures. It is noteworthy that the Cat-300
catalysts showed the smallest specific surface area and pore size, which might be due to the
fact that after reducing the catalyst precursors at 300 ◦C, there were still a large amount of
unreduced Ni species and P species in the catalysts, decreasing the specific surface area and
pore size of the catalysts. The specific surface area and pore size of the catalysts tended to
increase and then decrease with the increasing reduction temperature. The Cat-400 catalyst
had the largest specific surface area and pore size. This was because the initial increase in
the reduction temperature decreased the amount of P deposited on the catalyst surface and
Ni2P was continuously reduced out (see the XPS analysis in Figure 3). As the reduction
temperature increased from 400 ◦C to 500 ◦C, the generated Ni2P particles were prone to
aggregate and the increased interaction between P and Al2O3 in the precursor led to a
decrease in the specific surface area and pore size.

Table 2. Acidity values of different Ni2P/Al2O3 catalysts.

Catalysts Bronsted Acidity Value
(µmol g−1)

Lewis Acidity Value
(µmol g−1)

Cat-300 3.6 190.3
Cat-350 3.3 180.3
Cat-400 0.4 158.2
Cat-450 0.2 61.8
Cat-500 0.1 53.4
Al2O3 0 131.8

Table 3. Textural and structural property of different Ni2P/Al2O3 catalysts.

Catalyst Specific Surface Area
(m2 g−1)

Pore Size
(nm)

Particle Size a

(nm)
CO Uptake
(µmol g−1)

Cat-300 134 2.8 3.2 13
Cat-350 163 3.8 3.4 19
Cat-400 170 5.2 3.8 30
Cat-450 159 4.3 5.1 22
Cat-500 158 3.4 7.2 17

a: obtained from TEM results.

The active site number of different catalysts was evaluated via CO pulse adsorption
and are presented in Table 1. It was clear that the CO uptake first increased and then
decreased as the reduction temperature increased. For instance, the Cat-400 catalyst
obtained the largest CO uptake, indicating that Cat-400 possessed the largest Ni2P active
sites on the surface of the catalyst. Combined with the analysis of BET, TEM (Figure 2) and
NH3-TPD (Figure 4), it is clear that when the reduction temperature increased from 300 ◦C
to 400 ◦C, the generation of the reduced Ni2P active phase increased, and the unreduced P
species on the surface decreased, which exposed more active sites; correspondingly, the
CO uptake increased whereas when the reduction temperature was further elevated to
450 ◦C or 500 ◦C, the CO uptake gradually declined. This could be ascribed to the Ni2P
agglomeration and P species deposition.

3.2. Naphthalene Hydrogenation Performance

The naphthalene hydrogenation saturation performance was evaluated for different
Ni2P/Al2O3 catalysts. The reaction was conducted at 300 ◦C, 4 MPa, and the reactants were
3 wt.% naphthalene in decane solution. From Figure 5, it is clear that hydrogenation activity
of the Cat-400 catalyst was significantly better than other catalysts, with the catalytic activity
of Cat-400 > Cat-450 > Cat-350 > Cat-300 > Cat-500. After reacting for 8 h, the conversion
of naphthalene over the Cat-400 catalyst was 98%, and the decalin selectivity was 98%.
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Combined with the XRD, BET and TEM characterization results, it can be seen that nickel
and phosphorus in the Cat-400 catalyst precursor can be fully reduced to small particles
of Ni2P active phase with high dispersion, and more active sites were exposed on the
catalyst surface, which determined the highest CO adsorption value (30 µmol g−1, Table 1).
In contrast, although the naphthalene conversion reached 95% on Cat-300 and Cat-350
catalysts, the product was dominated by the partially hydrogenated product, tetralin. This
was mainly due to the fact that the nickel and phosphorus in the precursors of the Cat-300
and Cat-350 catalysts were not fully reduced to the Ni2P active phase and contained a large
amount of unreduced P species, which covered the active sites of Ni2P/Al2O3 catalysts
at the lower reduction temperature. Their CO adsorption value was 13 and 19 µmol g−1,
respectively, which resulted in low hydrogenation selectivity. Compared with the Cat-400
catalyst, the catalytic activity of the Cat-450 and Cat-500 catalysts decreased, especially
the product on Cat-500 catalyst, which was already dominated by tetralin, indicating that
the higher reduction temperature had a detrimental effect on the catalyst activity. When
the reduction temperature was higher, the particle size of the Ni2P active phase increased,
which leads to a decrease in the number of active sites (Table 1), and on the other hand, the
strong interaction of P species in the precursor with Al2O3 during the reduction process
would cause a large decrease in the acid strength of the catalyst.
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the reduction temperature. Naphthalene hydrogenation saturation evaluation showed that
Cat-400 displayed a 98% naphthalene conversion and 98% decalin selectivity at 300 ◦C,
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