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Transition metal phosphide nanoparticles supported on silica
were used as catalysts to investigate the hydrodeoxygenation
of methyl laurate (used as a model compound for vegetable
oils). Ni2P, Ni1Mo1P, and Ni1.6Mo0.4P were synthesized using a
molecular precursor route. The nanoparticles were added to
the silica support without any changes in their structure or
particle size. As a reference and for comparison, MoP/SiO2

was also prepared by the phosphite method. The prepared
catalysts were characterized by X-ray diffraction, X-ray photo-
electron spectroscopy, transmission electron microscopy, and

chemical analysis. A higher conversion is reached with the
MoP/SiO2 monometallic catalyst, close to that with Ni1Mo1P/
SiO2. However, this observation is misleading because the
differences in dispersion obscure the result that the intrinsic
activity (turnover frequency) of the bimetallic catalyst,
prepared by a molecular precursor route, is significantly
higher than that of the monometallic catalyst, prepared by
the phosphite route, revealing a synergistic effect on the
catalytic activity due to the formation of the bimetallic
phosphide.

1. Introduction

Nowadays there is huge interest in resources for alternative
and renewable energy such as biomass since the current
environmental concerns regarding the greenhouse effect and
climate change, the increasing demand for energy associated
with the dwindling of fossil reserves, and the restrictive
emissions on the environment.[1–3] Fuels derived from bio-
mass have some advantages compared to traditional fuels,
such as decreased emissions of greenhouse gases, regional
production, and advantageous cost-effective use.[4] In partic-
ular, the use of vegetable oils and fats (waste residues)
represents a promising alternative to producing jet fuels, and
platform chemicals from renewable resources.[5]

The expectation for the coming decades is that liquid
hydrocarbons will continue to be necessary as transportation
fuels, especially in aviation, although other renewable
energies are also growing in importance to meet the energy
demand.[1] Hydrotreatment has become attractive technique
for conversion of oil or fats into hydrocarbon-based fuels.[4,6]

The quality of these hydrocarbon-based fuels obtained from

hydrotreated vegetable oils (HVOs) is undoubtedly higher
than that of biodiesel fuels obtained from methyl esters.
Reducing the oxygen content is a critical requirement to
produce a liquid product with the characteristics of a drop-in
fuel.[7] Hydrotreatment of vegetable oils reduces NOx and
particulate matter emissions. The obtained fuels have good
cold properties and are stable and highly compatible with
engine oils. HVOs are hydrocarbons with a straight chain, a
high cetane number and no aromatic, oxygen, or sulfur
content.[6,8]

Regarding the catalysts used in the hydrotreatment
process, several catalyst compositions can be used (sulfides,
phosphides, noble metals).[9] This article is focused on
transition metal phosphide (TMP) nanoparticles (NPs). De-
pending on the catalysts used, hydrotreatment undergoes
through hydrodeoxygenation or decarbonylation/decarboxy-
lation pathways to yield n-alkanes.[10] Transition metal
phosphides are very interesting, showing a high activity and
an electronic structure, stability, and resistance to water,
similar to those of noble metals.[4] In the case of transition
metal phosphide (TMP) nanoparticles (NPs) as catalysts,
improvements in the synthesis of NPs have allowed control
of the size, shape, and composition of the NPs.[11] During NP
synthesis, organic ligands are added to control growth and
stabilize these NPs before dispersing them on a high surface
area support. These catalysts show excellent activity for
hydrogenation reactions, such as hydrodesulfurization, hy-
drodenitrogenation, and hydrodeoxygenation.[12–14]

Overall, transition metal phosphide NPs have become a
versatile catalytic material whose properties can be tuned to
modulate the catalytic performance.[15] Traditional methods
for making TMP nanomaterials could entail difficulties to
control the particle morphology, phase impurities, and excess
phosphorus species as they depend on high temperature (>
500 °C) programmed reduction of metal and phosphorus
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precursors.[16,17] To resolve these problems, solution-synthesis
methods[18–22] such as those that employ metal-phosphine
compounds with adjustable decomposition
temperatures,[11,15,23,24] have made it possible to create binary
TMP NPs with uniform structural characteristics. However,
ternary phases are more difficult to synthesize due to the
differences in reactivity between the two metal precursors,
which can lead to phase segregation and morphological
inhomogeneities.[16] In this context, some advances have
been done by Brock et al and Habas et al.[25] This last
contribution consists of a solution synthesis to incorporate a
second metal into the binary Ni2P structure using molecular
precursors and low temperatures. In that way, ternary TMP
NPs have been prepared without changing the parent Ni2P
NPs’ morphology or crystal phase, meaning with controlled
composition.[17] Here, we utilize this approach to incorporate
Mo into a parent Ni2P catalyst. To the best of our knowledge,
no other articles have been published for the case of
hydrotreatment reaction using metal and bimetallic
phosphide nanoparticles prepared by a molecular precursor
route. Here, we present an original and practical application
of metal phosphide nanoparticles used as catalysts.

The aim of this study is to test the activity of silica-
supported metal phosphide NP catalysts prepared by the
above route in the hydrodeoxygenation of methyl laurate (a
model compound for vegetable oils) to yield green liquid
fuels. Ni2P, Ni1Mo1P and Ni1.6Mo0.4P were synthesized as metal
phosphide NPs and deposited onto a silica support to obtain
the following catalysts: Ni2P/SiO2, Ni1Mo1P/SiO2 and
Ni1.6Mo0.4P/SiO2. For comparison and as a reference, the MoP/
SiO2 catalyst was also prepared by the phosphite method.[4]

The activity was related to the physicochemical character-
ization results to find the properties that play an important
role in the catalytic activity.

Experimental

Chemicals

The following compounds were used as precursors: oleylamine
(OAm, 70%), 1-octadecene (ODE, 90%), triphenylphosphine
(PPh3, 99%) and phosphorous acid (H3PO3, Sigma–Aldrich, 99%)
purchased from Sigma–Aldrich. The Ni(PPh3)2(CO)2 complex was
purchased from Strem Chemicals, and (NH4)6Mo7O24 · 4H2O (99%)
was purchased from Merck. Concerning the support, commercial
pelletized silica was acquired from Saint Gobain-NORPRO
(1.5 mm cylindrical pellets, SS 61138).

Catalyst Preparation

Synthesis of Nickel Phosphide (Ni2P) NPs

These NPs were prepared following the procedure described in
literature.[12,26] This procedure mainly consists of the synthesis
in situ in the laboratory of the NPs, and it is in detailed described
in the supplementary information. After the synthesis, the NPs
were suspended in chloroform and added to the silica support

by the incipient wetness impregnation method to get the Ni2P/
SiO2 catalyst.

Synthesis of Nickel and Molybdenum Phosphide (Ni1.6Mo0.4P and
Ni1Mo1P) NPs

These NPs were prepared following the procedure described
in.[25] After synthesis, the NPs were suspended in chloroform and
added to the silica support to form the Ni1.6Mo0.4P/SiO2 and
Ni1Mo1P/SiO2 catalysts. It is highlighted that these bimetallic
phosphide catalysts in particular, have not been prepared before.
This adds a new an original experimental procedure in this
article.

Synthesis of Molybdenum Phosphide (MoP/SiO2)

This catalyst was prepared following the method described in.[4]

This method of preparation is called the temperature pro-
grammed reduction method.[26]

Catalyst Characterization Methods

The crystalline phases of the catalysts were studied with powder
X-ray diffraction (XRD) analysis. The morphology of the catalysts
was analyzed by transmission electron microscopy (TEM). X-ray
photoelectron spectroscopy (XPS) measurements were applied
to study the metal surface dispersion and oxidation states of the
catalysts. Elemental analysis via ICP–OES was used to confirm the
metal loadings.

Catalytic Activity Tests

Hydrotreatment of methyl laurate was used to evaluate the
catalysts in a trickle-bed mode reactor. Two grams of inert silica
support was used to dilute 1 gram of the reduced/passivated
catalysts. The catalysts were reactivated by in situ reduction in
flowing H2 (200 mLN/min) at 450 °C and atmospheric pressure for
3.5 h before catalytic evaluation. Catalytic conversion of methyl
laurate was performed at 300 or 350 °C and 2.0 MPa with a liquid
flow of 0.1 or 0.05 mL ·min� 1 and H2 flow of 230 mLN ·min� 1.

All detailed information about the catalyst preparation methods,
catalyst characterization methods and catalytic activity tests is
included in the supplementary information.

2. Results and Discussion

Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) was used to confirm the chemical compositions of
the catalysts, as shown in Table 1. It is observed that the
chemical composition results are very similar to the nominal
values.

X-ray diffraction was applied to study the crystalline
phases of the catalysts. Figure 1A shows the XRD patterns of
the unsupported metal phosphide NPs. The diffraction peaks
of the monometallic sample are assigned to hexagonal Ni2P
(PDF 00-003-0953): 40.8° (111), 44.4° (201), 47.3° (210), 54.4°
(300), 66.4° (310), 72.8° (311), 74,9° (400), 80.5° (401) and
88.6° (321). For bimetallic catalysts, a transformation in the
phase occurred due to the presence of Mo. The diffraction
peaks correspond to hexagonal NiMoP (PDF 00-031-0873),
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Table 1. Chemical composition of the catalysts determined by ICP–OES.

Catalysts Ni (wt.%) nominal Mo (wt.%) nominal Ni (wt.%) experimental Mo (wt.%) experimental

Ni2P/SiO2 3.6 – 3.1 –

Ni1.6Mo0.4P/SiO2 3.6 1.5 3.3 1.2

Ni1Mo1P/SiO2 3.5 5.7 3.4 5.2

MoP/SiO2 – 5.7 – 5.4

Figure 1. XRD diffractograms of the (A) metal phosphide NPs and (B) catalysts.
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with the diffraction peaks at 40.3°, 44.2°, 47.3°, 54.1°, 66.2°,
74,0°, 79.5° and 88.6° attributed to the (111), (201), (210),
(300), (310), (400), (401) and (321) crystal planes, respectively.
For the Ni :Mo ratio of 0.25, the peaks are less intense and are
broadened and shifted to lower angles with respect to Ni2P
(Figure 1A inset), which is attributed to lattice expansion
because the smaller Ni atoms were substituted by larger Mo
atoms.[25] For the Ni :Mo ratio of 1, the crystallinity is clearly
decreased, but the main peaks are maintained with lower
intensity, as is the shift of the peaks. Figure 1B shows the
XRD patterns of the monometallic and bimetallic catalysts
supported on silica. All the catalysts have a broad diffraction
band (not shown) located at 2θ=20–30° due to amorphous
silica. Related to the phosphide, the same peaks are observed
in the catalysts and in the unsupported NPs, confirming that
Ni2P, Ni1.6Mo0.4P and Ni1Mo1P crystallites are also found on the
silica support.[27] In terms of calculated particle size by
Scherrer equation, the obtained values (Table 2) are very
similar in both, unsupported and supported metal phos-
phides NPs. The small difference in the case of Ni1Mo1P could
be due to an excess ligand present for the unsupported NPs,
diluting the overall signal and giving an amorphous back-
ground. In conclusion, the structure of the crystalline phase’s
changes with the incorporation of Mo and are characteristic
of bimetallic metal phosphide NPs. Adding this much Mo led
to a more amorphous composition as Mo� P NPs can be
amorphous according to the literature.[4,10]

In addition, the average crystallite sizes of metal
phosphide NPs were determined using the Scherrer equation
(Table 2). As expected, these sizes are maintained when the
nanoparticles are unsupported or supported on silica.

Figure 2 depicts TEM images and the particle size
distributions of the metal phosphide NPs and MoP/SiO2

catalyst. Figure 1S depicts TEM images and the particle size
distributions of the reduced/passivated NP catalysts (NPs
supported on silica). The spherical NPs observed in TEM
micrographs for all the catalysts are assigned to metal
phosphides, as observed in other studies.[25,28,29] The metal
phosphide nanoparticles range in size from 9.5 in Ni2P/SiO2

to 12.4 nm in Ni1.6Mo0.4P/SiO2 and 14.4 nm in Ni1Mo1P/SiO2,

whereas the analysis of MoP/SiO2 gives a size of 2.6 nm,
showing a much higher dispersion of particles than the other
catalysts.[30,31] The increase in the size from the Ni2P/SiO2 to
Ni1.6Mo0.4P/SiO2 and Ni1Mo1P/SiO2 catalysts is due to the
formation of bimetallic phosphides after the incorporation of
larger Mo atoms.[25]

The high-resolution micrographs were used to measure
the distance between the planes in agreement with the
International Centre for Diffraction Data (ICDD). Figure 2 A-1
shows a Ni2P nanoparticle with a d-spacing of 2.19 Å assigned
to the (001) crystallographic plane of Ni2P (PDF 00-003-0953).
Figure 2 B-1 shows a Ni1.6Mo0.4P nanoparticle with a d-spacing
of 2.22 Å assigned to the (111) crystallographic plane of
NiMoP (PDF 00-031-0873). Figure 2 C-1 shows a Ni1Mo1P
nanoparticle with a d-spacing of 2.24 Å assigned to the (111)
crystallographic plane of NiMoP (PDF 00-031-0873). These
measurements confirm the existence of the corresponding
monometallic and bimetallic phases.

Table 2 shows the particle sizes measured with TEM and
XRD. In general, the crystallite sizes are close to the average
size of metal phosphide NPs obtained with TEM micrographs.
This fact reveals that the molecular precursor route used for
the synthesis produces monocrystalline metal phosphide
NPs. The NP sizes were also maintained after impregnation of
the active phase into the silica support. The particle size of
MoP/SiO2 is clearly smaller than that of the other samples
and was only measured by TEM because no diffraction peaks
were detected for this sample.

XPS was applied to analyze the surface chemical state of
the reduced/passivated catalysts. Figure 3 compiles XPS
spectra of the catalysts, and Table 3 shows the core-electron
binding energies (eV) (Si 2p, Mo 3d, Ni 2p and P 2p core
levels) and the corresponding surface atomic ratios.

The binding energies (BEs) were referenced to the Si 2p
signal at 103.3 eV to correct for charging effects. In the P 2p
spectra of all the catalysts, there is a component at
approximately 125.5 eV attributed to Pδ� , which is present in
the phosphide phase. The XPS spectrum of MoP/SiO2 in the
Mo 3d region shows the spin-orbital splitting of d energy
levels, with the presence of double peaks contribution of 3d5/

2 and 3d3/2. The discussion of the present Mo species will be
done taking in account only 3d5/2 peaks, because the same
effect is present for 3d3/2. The monometallic sample shows
the presence of two components, a peak at 228 eV attributed
to Mo0 species, and a second contribution at 230.2 eV
characteristic of MoP species. For the bimetallic catalysts, we
detected two species too, but shifted to lower BE as the ratio
Ni/Mo contents is higher, Ni1Mo1P/SiO2 (226.5, and 229.2 eV
respectively) and Ni1.6Mo0.4P/SiO2, (225.8 and 228.6 eV) where
the intensity of the peaks is proportional to the amount of
Mo on the catalysts.[4,10,32,33] This shift in the BE clearly
indicates a strong interaction between Ni and Mo in the

Table 2. Particle sizes obtained by XRD and TEM.

Catalysts TEM
NPs
(nm)

TEM SiO2 (nm) XRD
NP
crystallite size (nm)

XRD SiO2 crystallite size (nm) Crystal
phase

PDF
card

2θ (°)

Ni2P/SiO2 8.7 9.5 9.6 9.8 Ni2P 00-003-0953 40.9

Ni1.6Mo0.4P/SiO2 11.7 12.4 12.3 12.2 NiMoP 00-031-0873 40.3

Ni1Mo1P/SiO2 14.3 14.4 14.1 13.0 NiMoP 00-031-0873 40.1

MoP/SiO2 – 2.6 – – – – –
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Figure 2. TEM images of the (A) Ni2P, (B) Ni1Mo1P, (C) Ni1.6Mo0.4P and (D) MoP/SiO2 catalysts.
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bimetallic samples that confirms the formation of bimetallic
phosphides.

Ni 2p region showed the spin-orbital splitting with
doublet peaks (2p3/2 and 2p1/2). We detected only a nickel
specie in all samples analyzed, Ni2P/SiO2, Ni1.6Mo0.4P/SiO2 and
Ni1Mo1P/SiO2 catalysts, with the presence of the typical
satellite peak present in Ni 2p region. The monometallic
sample shows a peak 853 eV is due to Niδ+ in
phosphides.[34–36] The bimetallic samples showed also peak
but shifted to higher BE, 853.5 eV for Ni1.6Mo0.4P/SiO2 and
854.1 eV for Ni1Mo1P/SiO2. These results confirm the inter-
action between Ni and Mo due to the formation of bimetallic
phosphides.

If we compare the P/Si ratios of all the catalysts, very
similar ratios are obtained, meaning that M/P or M/Si
comparisons make sense to obtain an approach for surface
metal dispersion. For comparison of the metal phosphide

dispersions obtained for each catalyst, the ratio (M/Si)xps/(M/
Si)nominal was calculated. In the case of molybdenum, the
following trend is found: MoP/SiO2>Ni1.6Mo0.4P/SiO2�

Ni1Mo1P/SiO2. This confirms the fact that MoP achieves a
higher dispersion. For nickel, the trend is Ni1.6Mo0.4P/SiO2>

Ni2P/SiO2�Ni1Mo1P/SiO2.
In summary, after studying the characterization results of

the catalysts with the different techniques discussed (X-ray
diffraction, ICP–OES, TEM and XPS), we can conclude that
bimetallic phases were successfully formed.

To evaluate the catalytic activity of the materials, the four
monometallic and bimetallic catalysts were tested in the
hydrodeoxygenation reaction of methyl laurate to hydro-
carbons. A summary of the activity test results is presented in
Figure 4.

Ni2P/SiO2 and Ni1.6Mo0.4P/SiO2 show very low activity in
the HDO of methyl laurate at either 300 or 350 °C. However,

Figure 3. XPS spectra of the Ni 2p region and Mo 3d region for the catalysts.

Table 3. Spectral parameters obtained by XPS for the reduced/passivated catalysts.

Catalysts P2p Ni2p3/2 Mo3d5/2 P/Si (at) Mo/P (at) Ni/P (at) Mo/Si (at) Ni/Si (at) (Mo/Si)xps/
(Mo/Si)nom

(Ni/Si)xps/
(Ni/Si)nom

Ni2P/SiO2 125.6 853.0 – 0.067 – 0.126 – 0.0084 – 0.00835

Ni1.6Mo0.4P/SiO2 125.3 853.5 225.8
229.3

0.065 0.076 0.176 0.005 0.0115 0.02078 0.01150

Ni1Mo1P/SiO2 125.2 854.1 226.5
229.2

0.064 0.259 0.123 0.017 0.0079 0.0172 0.00812

MoP/SiO2 125.4 - 228.0
230.2

0.060 0.162 – 0.010 – 0.1 –
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MoP and Ni1Mo1P are active catalysts at both temperatures,
showing a higher activity than the catalysts with a low
proportion of or no Mo. The catalysts are stable only at
300 °C. Upon increasing the temperature from 300 to 350 °C,
all the catalysts show a higher initial activity,[28,34] but this
activity decreases after the beginning of the reaction.[37] The
conversion results shown at 350 °C correspond to the initial
conversion value obtained, as the deactivation makes it
impossible to correctly calculate the average value (Fig-
ure 2S).

A decrease of the liquid flow yields a higher activity for all
the catalysts because a low liquid flow corresponds to a high
contact time between the liquid and the catalyst.[8] However,
the conversion for Ni2P/SiO2 and Ni1Mo0.4P/SiO2 is still too low
to consider them as suitable catalysts for this reaction.

In terms of selectivity, hydrocarbons are the main
obtained products, but oxygenated compounds (mainly
lauric acid or dodecanoic acid and lauryl alcohol or dodeca-
nol) are also produced in minor proportions, named as
“others” in Figure 4. The obtained selectivity shows that for
the MoP/SiO2 catalyst, the main products are C12 hydro-
carbons, while for Ni2P/SiO2, the main products are C11

hydrocarbons. These differences between the C11 and C12

proportions indicate that the Mo-based catalyst favors a
hydrogenation pathway and that the Ni-based catalyst favors
a decarbonylation/decarboxylation pathway with oxygen
elimination.[4,10] In the catalyst with equimolar amounts of Ni
and Mo, the hydrogenation pathway is the main route, and
C12 hydrocarbons are the primary obtained products; how-
ever, a higher proportion of C11 is detected with respect to
the molybdenum only counterpart.

An increase of the reaction temperature produces an
enhancement of the hydrocarbon selectivity with a decrease
in the oxygenated compounds. This effect is related to an
increase in the conversion because at higher temperatures,
the oxygenated intermediates are consumed, and the final
product formation is increased. No changes in the C12/C11

hydrocarbon ratio are detected with the temperature change;
C12 hydrocarbons are the main products for the catalysts with
a higher Mo content, and C11 hydrocarbons are the main
products for the catalysts with a higher Ni content.

The turnover frequencies (TOFs) were calculated with the
converted moles of methyl laurate in the steady state and
the metal dispersions obtained by TEM to determine the
activity per mol of surface metal phosphide.[38,39] All detailed
calculation is included in the supplementary information. The
TOF results indicate that the intrinsic activity shows the
following trend: Ni1Mo1P>MoP>Ni1.6Mo0.4P~Ni2P (Table 4).
These results show an increase in the TOF for Ni1Mo1P/SiO2

(6.9 min� 1), prepared by the molecular precursor route, with
respect to MoP/SiO2 (2.6 min� 1), prepared by the phosphite
route. The formation of a bimetallic phosphide, sharing the
same crystal lattice, enhances the intrinsic activity of the
phosphide catalyst. These results are not reflected in the
conversion values because of the differences in the disper-
sion of the Mo monometallic catalyst (MoP/SiO2) and the
bimetallic catalyst (Ni1Mo1P/SiO2). Future studies will be
focused on the synthesis of bimetallic molybdenum metal
phosphide NPs with a higher dispersion, using the molecular
precursor route, which could maximize the conversion
results.

A few articles are using bimetallic phosphides catalysts in
particular, synthesized by the phosphite and phosphate

Figure 4. Conversion and selectivity for hydrodeoxygenation of methyl laurate (300–350 °C, 2.0 MPa and liquid flow of 0.05–0.1 mL/min).
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methods, in the hydrotreatment of methyl laurate and those
can also be compared to our present work. Z. Nie et al.
studied the effect of Ni and on performance of bifunctional
MoP/SiO2 for hydroconversion of methyl laurate. They
prepared, among others, the Mo10NiP catalyst and obtained
conversions of methyl laurate around 80% and selectivity to
C11+12 nearly 90% at 280 °C.[32]

Zhengyi Pan et al. studied SiO2-supported Ni� Mo bimet-
allic phosphides (Mo/Ni molar ratio was 1.0) prepared by the
phosphate method in the hydrodeoxygenation of methyl
laurate. At 300 °C depending on the calcination temperature
used, MoNiP2/SiO2 catalyst showed a conversion between 65–
80% and a variable selectivity for C11 +C12 (45–80%) for
methyl laurate compound.[40]

The hydrotreatment of methyl laurate with similar cata-
lysts has been previously investigated. Here in Table 4, we
report some studies at the most similar conditions than in
our reactions to compare the results, however, the compar-
isons are difficult due to the different support and synthesis
procedures. Several articles are studying the hydrotreatment
of methyl laurate using alumina and zeolites as supports and
Ni or NiMo as active phases. For example, a study with NiMo/
HBeta(13) catalyst[42] has reported a conversion of methyl
laurate around 80% and selectivity to C12+11 around 70%.
Another study with Ni� Mo/SiO2� TiO2 catalyst[45] showed a
conversion of methyl laurate around 100% and selectivity to
C12 around 98%.

The main information is related with the use of nickel-
based catalysts, where the TOF values are similar to our
monometallic Ni2P/SiO2 (see entries 1, 5, 15, and 16 of
Table 4), and the bimetallic Ni� Mo phosphides (entries 9 and
10 of Table 4) have a TOF of the same order of our

experiments. In consequence, we can assume that the results
of the comparison of monometallic and bimetallic phos-
phides presented in this study, using the same preparation
method and support, will help the understanding of this
phenomenon. The increase in the TOF value found in our
work for hydrotreatment of methyl laurate using Ni1Mo1P/
SiO2 catalyst, prepared by a molecular precursor method,
with respect to the monometallic MoP/SiO2, makes this
catalyst synthesis method very promising.

3. Conclusions

Three different catalysts based on metal phosphide NPs
supported on silica (Ni2P/SiO2, Ni1.6Mo0.4P/SiO2 and Ni1Mo1P/
SiO2) were successfully prepared by a molecular precursor
route. For comparison, another catalyst (MoP/SiO2) was also
prepared by the phosphite method. The formation of
bimetallic phosphides was confirmed by the shift of diffrac-
tion peaks to lower angles with respect to Ni2P, attributed to
lattice expansion because the Ni atoms, which are smaller,
were substituted by Mo atoms, which are larger. This
observation was confirmed by high-resolution TEM micro-
graphs that support this expansion, and the shift of binding
energies detected by XPS.

The incorporation of the phosphide nanoparticles into
the silica support does not change the particle size or other
characteristics of the prepared nanoparticles.

The characterization of the different metal phosphide
catalysts indicates that the metal dispersion achieved on the
silica support is higher for the MoP/SiO2 monometallic
catalyst and lower for the Ni2P/SiO2, Ni1.6Mo0.4P/SiO2 and

Table 4. Study of the temperature and liquid flow conditions of the studied catalysts and comparison with other published studies in the hydrodeoxygenation of
methyl laurate.

Catalysts T
(°C)

P
(MPa)

Liquid
flow
(mL/min)

Conv.
(%)

HC C12 HC C11 HC C6–10 Oxygenated
compounds

TOF
(min� 1)

Refe-
rence

Ni2P/SiO2 300 2.0 0.1 6.1 4.1 20.0 15.9 10.5 1.9 This work

Ni1Mo0.4P/SiO2 300 2.0 0.1 4.7 8.5 22.0 6.6 19.1 1.6 This work

Ni1Mo1P/SiO2 300 2.0 0.1 29.0 33.4 9.7 2.6 39.7 6.9 This work

MoP/SiO2 300 2.0 0.1 43.2 72.0 5.4 3.5 8.7 2.6 This work

Ni2P/SiO2 300 2.0 0.05 6.2 4.1 33.9 8.8 11.2 1.0 This work

Ni1Mo0.4P/SiO2 300 2.0 0.05 6.8 11.1 23.8 4.3 22.0 1.1 This work

Ni1Mo1P/SiO2 300 2.0 0.05 55.3 52.1 18.5 1.0 17.5 6.6 This work

MoP/SiO2 300 2.0 0.05 67.7 80.0 5.2 2.0 3.9 2.0 This work

Ni10MoP/SiO2 290 3.0 – ~77 ~87 – – 5.4 [32]

MoNiP2/SiO2-C500 300 - – ~80 ~78 – ~5 10.2 [40]

Ni/γ-Al2O3 300 2.0 – ~76 ~3 ~65 ~8 ~10 - [41]

NiMo/HBeta(13) 300 0.4 – ~80 ~27 ~43 ~5 ~2 - [42]

Ni/ZrO2/γ-Al2O3 300 2.0 – ~23 ~3 ~50 ~2 ~38 - [43]

Ni/ZSM-5
(8NiZ5–18)

280 2.0 – ~83 ~78 – – - [44]

Ni/SiO2� TiO2 300 2.5 – ~100 ~98 ~2 – - 2.6 [45]

4Ni/Beta 280 2.0 – ~77 ~43 ~ ~8 1.3 [46]
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Ni1Mo1P/SiO2 catalysts due to the differences in the prepara-
tion methods.

The catalytic activity reveals that catalysts with a high
proportion of Mo (MoP/SiO2 and Ni1Mo1P/SiO2) favor the
hydrogenation route, producing mostly C12 hydrocarbons,
whereas catalysts with a high proportion of Ni (Ni2P/SiO2 and
Ni1.6Mo0.4P/SiO2) favor the decarbonylation/decarboxylation
route, yielding more C11 hydrocarbons.

A higher conversion is reached with the MoP/SiO2

monometallic catalyst, close to that with Ni1Mo1P/SiO2.
However, this observation is misleading because the differ-
ences in dispersion hide the result that the intrinsic activity
(TOF) of the bimetallic catalyst is much higher than that of
the monometallic catalyst, revealing a synergistic effect on
the catalytic activity due to the formation of the bimetallic
phosphide.
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