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The addition of small amounts of palladium (0.1%, 0.5% and 1.0% w/w) to a NixPyOz/SiO2 sample led to a
decrease of �200 K in the synthesis temperature of Ni2P/SiO2, allowing synthesis to proceed at 723 K. In
situ X-ray diffraction (XRD) and X-ray absorption near-edge structure (XANES) experiments demon-
strated that the phosphate ? phosphide transformation started at approximately 673 K, and the total
time to reduce the phosphate phase was decreased by the presence of palladium. Based on the in situ
P K-edge XANES experiments and CO chemisorption uptakes, it was proposed that, depending on the
amount of palladium incorporated, the final catalysts present different degrees of reduction, thereby
impacting catalytic activity. An increase in activity was observed for the palladium-containing samples
during time on stream, which might be associated with the formation of a phosphosulfide active species.
The extent of the phosphosulfide species formation was dependent on the degree of reduction.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Since the early works of Robinson et al. [1] and Li et al. [2] on
Ni2P and MoP, respectively, transition metal phosphides have at-
tracted attention as catalysts for hydrotreating (HDT) reactions be-
cause of their exceptional activities. Of all the phosphides reported
thus far in the catalysis literature (e.g., MoP [2–7], WP [6–10], Fe2P
[11], and CoP [11,12]), Ni2P has been the most studied because it
shows the highest activity in hydrodesulfurization (HDS) and hyd-
rodenitrogenation (HDN) reactions, even surpassing the activity of
the best commercial catalysts [7].

There are several methods for preparing transition metal phos-
phides, including solid-state reactions between metals and phos-
phorous [13], the electrolysis of fused salts [14], the solvothermal
method [15], the thermal decomposition of metal–phosphine com-
plexes [16] or of single-source molecular precursors [17] and the
temperature-programmed reduction (TPR) of phosphates [7].
Among these, only TPR allows the synthesis of transition metal
phosphides in supported form, making it the most commonly em-
ployed methodology in catalysis.

However, the major drawback of the TPR method for the
synthesis of bulk or supported phosphides is related to high
ll rights reserved.
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temperatures (generally >973 K) required to reduce the PAO bond
[5,7,8,18]. For this reason, the development of new synthetic routes
for the production of supported Ni2P at temperatures <973 K has
led to different approaches, such as the modification of the precur-
sor from nickel phosphate to nickel hypophosphite [19], nickel
dihydrogenphosphite [20] or nickel thiophosphate [21], as well
as the use of PH3/H2 gas mixtures [22]. Although these new syn-
thetic routes lower the synthesis temperature of supported Ni2P
from 973 K to as low as 423 K [22], there are some disadvantages
to their use. For example, the thermal decomposition of hypo-
phosphites in an argon atmosphere proposed by Guan et al. [19] al-
lows the synthesis of both bulk and supported Ni2P at
temperatures of approximately 523 K, but NaCl and HCl are formed
as side products. These compounds raise the issue of materials cor-
rosion and the necessity of thoroughly washing the catalyst. Fur-
thermore, the method does not allow the in situ synthesis of
Ni2P, and consequently, the catalyst must be synthesized in an
autoclave reactor, subjected to a passivation step to allow its
manipulation in the atmosphere, loaded in another reactor and
suffer reactivation at 773 K under a flow of H2 prior to use.

Cecilia et al. [20] proposed the use of nickel dihydrogenphosph-
ite supported on MCM-41 instead of nickel phosphate, as a viable
alternative to lower the synthesis temperature of Ni2P. In this
method, Ni(HPO3H)2 was prepared by making a solution with stoi-
chiometric amounts of nickel hydroxide and phosphorous acid. The
solution can be either slowly dried to form the precursor of the
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bulk Ni2P or used to impregnate a silicious support, such as silica,
MCM-41 or SBA-15. Using very particular heating rate (b), final
temperature, and space velocity conditions, the authors were able
to synthesize Ni2P at 648 K. However, the major disadvantage of
this method was related to the low P-to-Ni atomic ratio of 2 be-
cause if temperatures lower or higher than 648 K are used in the
synthesis (or even during the reaction), then undesired catalyti-
cally inactive phases such as Ni5P4 and Ni(PO3)2 are formed.

The largest reduction in synthesis temperature of supported
Ni2P was achieved by Yang and Prins [22], who used a 10% PH3/
H2 gas mixture and temperatures of approximately 423 K to phos-
phide Ni/SiO2 or Ni/Al2O3 that were previously reduced at 773 K
with pure hydrogen. As a consequence of the low temperatures
used to synthesize the Ni2P phase, the particle size achieved after
the reduction step in pure hydrogen was retained, thus allowing
the preparation of highly dispersed metal phosphide particles. In
addition, as is well documented in the literature, it is difficult to
prepare transition metal phosphides supported on alumina by
the phosphate method because phosphate ions tend to react with
the support, forming an undesired AlPO4 phase that alters the
acid–base properties and impacts metal dispersion. However, this
negative consequence can be avoided by using the method pre-
sented by Yang and Prins [22]. Nevertheless, due to security rea-
sons, the use of phosphine on either laboratory or industrial
scales is problematic, making this method difficult to implement.

Despite all efforts that have been made in the last decade, there
is not yet a practical way to synthesize supported transition metal
phosphides using mild conditions.

Another point that it is not very clear in the phosphide litera-
ture concerns the nature of the phosphate phase. In fact, due to
its amorphicity, the nature of the nickel phosphate precursor has
been a matter of debate, as has its solid-state transformation to
phosphide (i.e., phosphate ? phosphide). The reason for the appar-
ent contradictory results can be explained by taking into account
whether different researchers used diverse P/Ni ratios to synthe-
size the phosphate precursor and whether this phosphate under-
went a calcination step after its synthesis.

Using a P/Ni of 0.5, Stinner et al. [18] concluded that after syn-
thesis, the compound was composed of a mixture of different
phosphate species, including Ni3(PO4)2 and NiNH4PO4�H2O, that
would afford a mixture of NiO and nickel phosphates of different
composition after calcination in air. From 31P NMR data, the
authors identified several phosphorous species, such as
HnPO1ð3�nÞ�1

4 , P2O4�
7 , and ðPO�3 Þn, and proposed that the transforma-

tion of either bulk or supported-on-silica nickel phosphate to nick-
el phosphide would proceed through the formation of several
intermediates (e.g., Ni3P, Ni12P5, and Ni5P2). Moreover, Wang
et al. [11] reached similar conclusions to those of Stinner et al.
[18] concerning the nature of the phosphate phases and the so-
lid-state transformation from nickel phosphate to nickel phos-
phide. However, there is now a consensus in the literature that if
a surplus of phosphate is not added during the preparation, then
after the reduction step, there is no formation of pure Ni2P but
rather formation of a mixture of Ni2P + Ni12P5 because part of the
phosphorous is lost as PH3.

Wang et al. [11] studied the synthesis of Ni2P/SiO2 and con-
cluded that the support did not influence the nickel phosphide
phase formation if an excess of phosphorous was used in the phos-
phate preparation. This conclusion was not shared by Rodriguez
et al. [23], who identified NiO and Ni12P5 formation during temper-
ature-programmed synthesis of Ni2P/SiO2 using time-resolved
XRD, but they did not use an excess of phosphorous. These authors
studied the synthesis of unsupported Ni2P by time-resolved XRD
using uncalcined nickel phosphate as a starting material; the
authors identified ammonium nickel phosphate, NiNH4PO4�H2O,
by XRD. According to the authors, the transformation of
phosphate ? phosphide under a flow of 5% H2/He gas mixture oc-
curred in three steps: (1) from room temperature to 473 K, the dif-
fraction pattern of the nickel ammonium phosphate was retained;
(2) from 573 to 673 K, there was an amorphization of the NiNH4-

PO4�H2O; and (3) from 923 to 1023 K, Ni2P crystallized. However,
when the sample was heated under a flow of pure He, the authors
were able to identify the formation of nickel pyrophosphate, a-
Ni2P2O7, at temperatures close to 673 K.

Berhault et al. [24] investigated the transformation of NiNH4-

PO4.H2O ? Ni2P using in situ XRD, in situ XAS, and magnetic sus-
ceptibility measurements, concluding that the transformation
took place in three steps, as earlier suggested by Rodriguez et al.
[23] and that the amorphous phase formed in the temperature re-
gion 573–673 K was nickel pyrophosphate, a-Ni2P2O7. According
to the authors, the nickel pyrophosphate phase formed from the
decomposition of the nickel ammonium phosphate precursor,
simultaneously forming water and ammonia, in agreement with
the on-line mass spectroscopy observations of Rodriguez et al.
[23]. This decomposition was not accompanied by any changes in
the nickel oxidation state, because in both ammonium nickel phos-
phate and nickel pyrophosphate, the metal has an oxidation state
of +2.

Therefore, the main objectives of this work were:

(1) To show that by incorporating small amounts of palladium
(0.1%, 0.5% or 1% w/w) into a NixPyOz/SiO2 catalyst, it was
possible to decrease the synthesis temperature of Ni2P/SiO2

from 992 to 772 K. This reduction was likely due to the
hydrogen spillover phenomenon that takes place in the pal-
ladium particles at low and moderate temperatures.

(2) To show that when a P/Ni ratio of 0.8 is employed, there is
the formation of a Ni3(PO4)2 phase after the calcination step.

2. Experimental

2.1. Catalyst preparation

2.1.1. Bulk Ni2P
Bulk Ni2P, used as reference, was prepared following a two-step

procedure as previously described by Wang et al. [25]. In the first
step, 35 mL of a (NH4)2HPO4 solution (0.054 mol – Nuclear, PA,
99.9%) was added to the same volume of a Ni(NO3)2�6H2O solution
(0.071 mol – Riedel de Haën, PA, 99.9%) that was maintained under
magnetic stirring. After mixing the two solutions, a yellow precip-
itate was formed that dissolved after the addition of 7 mL nitric
acid (Merck). Then, the solution was heated to 363 K, and the tem-
perature was held constant until complete evaporation, resulting
in the formation of a yellow-greenish solid. This solid was dried
at 433 K for 12 h and then calcined in air at 773 K for 6 h, resulting
in a light brown solid, which will be referred to herein as NixPyOz.

In the second step, NixPyOz was reduced to Ni2P by TPR. In a typ-
ical experiment, 0.1 g NixPyOz was placed into a U-shaped quartz
reactor placed in a furnace (Hoskins) that was controlled by a tem-
perature programmer–controller (Therma – TH2031P model). The
temperature was monitored by a chromel–alumel thermocouple
positioned near the center of the reactor bed. Prior to the reduction
step, the sample was dried under a flow of pure He (50 mL min�1,
AGA UP grade, 99.9%) at 773 K for 0.5 h. After the sample was
cooled to room temperature (RT), the gas flowing throughout the
reactor was switched from pure He to a flow of pure H2

(100 mL min�1, AGA UP grade, 99.99%), while the temperature
was raised from RT to 1173 K at a b of 10 K min�1. During the
reduction, the gases coming out of the reactor were passed into a
quadrupole mass spectrometer (MKS PPT model) through a leak
valve (Granville Phillips), and ions of m/z = 2 (H2), 15 (NH3), 18
(H2O), 28 (N2), 31 (P), 32 (O2), 34 (PH3), 44 (CO2), and 62 (P2) were
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continuously monitored to follow the solid-state transformation
NixPyOz ? Ni2P. Because transition metal phosphides are pyro-
phoric materials, the sample was cooled in a flow of pure He at
the end of the synthesis, and when RT was reached, a flow of
0.5% (v/v) O2/He gas mixture (50 mL min1 – AGA UP grade) was
passed through the reactor for 5 h to passivate the sample and
avoid its bulk oxidation during manipulation in the atmosphere.

2.1.2. 30% (w/w) Ni2P/SiO2

Similar to unsupported Ni2P synthesis, the preparation of Ni2P/
SiO2 followed a two-step procedure: (1) incipient wetness impreg-
nation of the SiO2 support (Cab-O-Sil M-5, 205 m2 g�1) followed by
calcination, leading to the formation of a compound referred to as
NixPyOz/SiO2 and (2) the TPR of the NixPyOz/SiO2 under a flow of
pure H2 to obtain 30% Ni2P/SiO2. The Ni2P loading of 30 wt.% was
chosen based on the work of Sawhill et al. [26].

In the first step, 7.0 g SiO2 was impregnated using the incipient
wetness method by means of a solution resulting from the mixing
of (NH4)2HPO4 (0.032 mol) and Ni(NO3)2�6H2O (0.042 mol). The
amounts of (NH4)2HPO4 and Ni(NO3)2�6H2O were calculated to
achieve a theoretical amount of 30% (w/w) Ni2P after the reduction
step. After impregnation, the sample was calcined in air at 773 K
for 6 h.

The second step (i.e., the transformation of NixPyOz/SiO2 ? 30%
Ni2P/SiO2) was performed by TPR using the procedure described
in the previous section. The experiments were done using different
heating rates (1, 5 or 10 K min�1). After synthesis, the samples
were cooled to RT in a He flow and then passivated for 5 h using
a 0.5% (v/v) O2/He gas mixture (50 mL min1 – AGA UP grade).

2.1.3. x% (w/w) Pd 30% (w/w) Ni2P/SiO2 (x = 0.1, 0.5, 1.0)
The palladium-containing samples were prepared by incipient

wetness impregnation of the NixPyOz/SiO2 sample with PdCl2 solu-
tions (PdCl2�2H2O, ACROS, 59% Pd) using various amounts of PdCl2

to achieve metal loadings of 0.1%, 0.5%, or 1.0% (w/w) after the
reduction step. Briefly, the preparation of 1Pd NixPyOz/SiO2 (i.e.,
the precursor of the 1% Pd 30% Ni2P/SiO2 sample) was performed
by dissolving 0.084 g PdCl2 in 2.6 mL concentrated HCl, and the
resulting solution was evaporated to dryness. Then, 0.74 mL con-
centrated HCl was added, and after evaporation, 5 mL distilled
water was used to dissolve the residue and a second evaporation
was performed. Finally, 8 mL distilled water was used to solubilize
the residue, and the resulting solution was added dropwise to 4.5 g
NixPyOz/SiO2 with intermediate drying steps at 373 K for 0.5 h.
After all of the palladium solution was impregnated into the Nix-

PyOz/SiO2, the sample was dried at 373 K for 1 h and calcined at
773 K for 2 h. Preparation of samples 0.1Pd NixPyOz/SiO2 and
0.5Pd NixPyOz/SiO2 was performed in a similar manner but em-
ployed 0.008 and 0.042 g PdCl2, respectively.

Synthesis of the samples x% Pd 30% Ni2P/SiO2 (x = 0.1%, 0.5% or
1%) was performed by reducing the respective precursors under a
flow of pure hydrogen and employing the same conditions as those
described in Section 2.1.2.

2.1.4. Reference catalysts: 30.5% NiO/SiO2 and 1.15% PdO/SiO2

Reference samples of 30.5% NiO/SiO2 and 1.15% PdO/SiO2 were
prepared with Ni and Pd loadings similar to those of the 30%
Ni2P/SiO2 and 1% Pd 30% Ni2P/SiO2 catalysts, respectively. To pre-
pare the 30.5% NiO/SiO2 sample, 3.8 g SiO2 was impregnated by
incipient wetness with a solution containing 0.042 mol Ni
(NO3)2�6H2O. After the impregnation, the sample was dried at
373 K for 1 h and then calcined at 773 K for 6 h. Preparation of
the 1.15% PdO/SiO2 followed the same procedure as that described
in Section 2.1.3, but used pure SiO2 instead of NixPyOz/SiO2 as a
support.
2.2. Characterization

2.2.1. N2 physisorption
Specific surface area (Sg) was determined from nitrogen adsorp-

tion isotherms at 77 K using the BET method in an ASAP 2000
(Micromeritics) volumetric apparatus. Before the analyses, the
materials were pre-treated under a standard vacuum
(6.7 � 10�6 MPa) at 423 K for 20 h.

2.2.2. X-ray fluorescence (XRF)
Analysis of the chemical composition of the samples in their

oxidic form was performed using a Rigaku RIX 3100 instrument.
Prior to the measurement, the samples were pressed (3000 kgf)
in a Carver Laboratory Press (Model C), and the waffles were ana-
lyzed for Ni, P, and Pd contents. The results obtained were ex-
pressed as weight percentages of NiO, P2O5, and PdO. The
intensity data of the Pd Ka lines were corrected to the waffle finite
thickness using the fundamental parameters method for films. This
correction is necessary when an energetic line, such as that of Pd
Ka, is present in a matrix of low density.

2.2.3. X-ray diffraction (XRD)
The XRD diffractograms of the samples, either in oxidic or in

passivated forms, were obtained in a Rigaku Miniflex diffractome-
ter operated at 45 kV and 40 mA, using Cu Ka monochromatized
radiation and a Ni filter. The spectra were recorded in Bragg angles
between 20� and 90�, with steps of 0.05� and a counting of 2 s
step�1. The crystalline phases in the samples were identified on
the basis of the XRD patterns of the JCPDS files.

2.2.4. CO chemisorption
CO-pulsed chemisorption measurements were taken immedi-

ately after reduction of the oxidic samples and without exposing
them to the atmosphere. These measurements aimed at the titra-
tion of the surface metal atoms to estimate the number of active
sites of the catalysts. Chemisorption capacity measurements were
obtained by pulsing calibrated volumes of CO (AGA, 99.9%) into a
He flow and following the m/z = 28 ion in an on-line mass spec-
trometer (MKS – PPT).

2.2.5. P K-edge in situ X-ray absorption near-edge structure (XANES)
The P K-edge in situ XANES measurements were performed at

the D04A-SXS beamline in the Laboratório Nacional de Luz
Síncrotron (LNLS, Campinas, Brazil), operated in the storage ring
mode with a natural emittance of 10 nm rad and a critical energy
of 2.08 keV [27]. Synchrotron radiation was monochromatized by
a double-crystal monochromator equipped with InSb (1 1 1) crys-
tals, providing an energy resolution of 1 eV at the P K-edge
(2145.5 eV). The monochromatic flux was 1 � 1010 photons per en-
ergy interval and second. Details of the experimental setup of the
beamline have been published elsewhere [27].

The X-ray absorption spectra were recorded in total electron
yield (TEY) mode, measuring the electron current at the sample
holder with an electrometer connected to the sample. Experiments
were performed in a vacuum of 10�8 mbar at room temperature.
The energy scale was calibrated with a Mo metallic foil, setting
the Mo L3-edge to 2520 eV. All XANES spectra were scanned in
the following energy regions: from 2120 to 2135 eV with a width
step (w.s.) of 2 eV and an integration time (i.t.) of 2 s, from 2135
to 2165 (w.s. 0.5 eV, i.t. 2 s) and from 2165 to 2200 eV (w.s. 2 eV,
i.t. 2 s). The final TEY XANES spectra were obtained after back-
ground subtraction and normalization to the post-edge intensity.

Samples were mounted in a vacuum chamber with a back-
ground pressure of 10�8 mbar, and a pre-chamber was used to per-
form the different thermal treatments in controlled atmospheres.
Fresh samples at the main chamber were analyzed before and after



Table 1
Specific surface area of the samples in oxidic and passivated states.

Sample Sg (m2 g�1)

Oxidic Passivated

SiO2 205 n.m.
NixPyOz/SiO2 141 169a

0.1Pd NixPyOz/SiO2 120 154b

0.5Pd NixPyOz/SiO2 123 146b

1Pd NixPyOz/SiO2 93 150b

NixPyOz 53 1a

30.5% NiO/SiO2 155 n.m.
1.15% PdO/SiO2 217 215b

n.m. = not measured.
a Reduction up to 923 K at b = 1 K min�1.
b Reduction up to 723 K at b = 1 K min�1.

V.T. da Silva et al. / Journal of Catalysis 279 (2011) 88–102 91
thermal treatments under 10 mbar of H2 at 473, 573, 773, and
873 K for 1 h. After each treatment, the samples were transferred
in vacuum to the main chamber for the XANES experiment to avoid
reaction with oxygen.

The XANES spectra were normalized to perform quantitative
analysis of the intensity of the absorption features. The pre- and
post-edge regions were fitted by linear and second-order polyno-
mial degree functions, respectively, and then subtracted from the
whole spectrum. The absorption jump was set to 1 at a photon en-
ergy of �2170 eV, where the absorption spectra did not exhibit any
visible structure.

2.2.6. In situ dispersive X-ray absorption spectroscopy (DXAS)
Ni–K XANES spectra were measured at the D06A–DXAS beam-

line at LNLS. The curved crystal monochromator selects a band-
width of hundreds of eV around absorption edges, according to
the Bragg angle and radius of curvature. The detection mode was
transmission, measured by a charge coupled device (CCD) refriger-
ated with liquid nitrogen. The detector can operate in two modes:
imaging or spectroscopic. In the first mode, it is used to observe a
real image in a phosphorous screen (for general optics alignment).
In the spectroscopic mode, a full absorption spectra can be ac-
quired in a few milliseconds. Details of the experimental setup of
the beamline have been published elsewhere [28]. The spectral
data analysis was performed by subtracting a linear background
and rescaling the absorbance by normalizing the difference be-
tween the baseline and the post-edge absorption in a region
approximately 300 eV behind the edge to 1.

Time-resolved spectroscopic studies were performed using a
quartz capillary as a flow reactor cell (0.8 mm inner diameter,
0.1 mm wall thickness, 100 mm length), and the schematic exper-
imental setup can be found elsewhere [29]. Samples with particles
of �200 lm in size formed a dense bed throughout which gas flo-
wed with negligible pressure drop and plug-flow hydrodynamics.
Heat was supplied by four cartridge heaters mounted inside an
insulated copper block. Gases were introduced into the cell from
bottles mounted in a portable gas manifold unit with gas purifiers
and mass flow controllers. Features of this XAS cell included small
sample loading (�10 mg), low flow rates (10 mmol h�1), and plug-
flow hydrodynamics, as well as the ability to reach conversions and
space velocities similar to those typical of laboratory tubular mic-
roreactors. A thermocouple (0.5 mm outer diameter) inserted into
the capillary using a metal T-union provided accurate temperature
measurements and prevented the sample from being dislodged
from the capillary by the flowing gas. During in situ measurements,
the cell temperatures could be controlled within 1 K (in either tem-
perature-programmed or isothermal modes) using a temperature
controller.

2.3. Catalytic testing

Thiophene HDS activity measurements were performed using
an atmospheric pressure flow microreactor that was described
elsewhere [30]. Activity measurements were performed at a reac-
tion temperature of 593 K over 120 h, using a feed consisting of
3.2 mol% thiophene/hydrogen, which was made by flowing pure
H2 through a saturator filled with thiophene (Merck, 99%) that
was kept at 273 K with a refrigerating bath in order to reproduce
the conditions employed by Sawhill et al. [26]. The conditions were
chosen to have low conversions (XT 6 10%) and lack diffusion ef-
fects (please see Supplementary material for more information).

Prior to catalytic testing, 0.2 g of the sample to be evaluated was
reduced under a flow of pure H2 (200 mL min�1, AGA 99.9%), either
at 923 K (NixPyOz/SiO2) or at 723 K (x% Pd NixPyOz/SiO2 and 1Pd/
SiO2), for 1 h. The catalytic evaluation of Ni/SiO2 followed a differ-
ent activation procedure, which consisted of sulfiding the oxidic
sample with a 5% (v/v) H2S/H2 (50 mL min�1; AGA UP) gas mixture
at 673 K for 2 h. Once the activation step was completed, the tem-
perature was lowered to 593 K, and the gas flowing through the
reactor was switched from pure H2 (or 5% H2S/H2) to the 3.2%
mol thiophene/hydrogen gas mixture, initiating the reaction. An
automatic valve sampled the gases coming out of the reactor every
15 min and diverted them to a Shimadzu gas chromatograph (GC-
17A) equipped with a flame ionization detector and a methyl-
silicone capillary column (30 m, 250 lm � 1 lm), which allowed
complete separation of reactants and products (butane, 1-butene,
t-butene, and c-butene). This method allowed calculation of the
thiophene conversion and the product selectivity.

Turnover frequency (TOF) values of the samples containing
nickel phosphide were calculated using Eq. (1) [31]:

TOF ¼ FAo

W
XA

COuptake
ð1Þ

where FAo is the molar rate of thiophene fed into the reactor
(lmol s�1), W is the catalyst weight (g), COuptake is the uptake of
chemisorbed CO (lmol g�1), and XA is the thiophene conversion (%).
3. Results

3.1. Textural properties and chemical composition of the oxidic
samples

Sg values for all synthesized samples in their oxidic form are
presented in the second column of Table 1. With the exception of
the palladium reference sample (1.15% PdO/SiO2), all of the sup-
ported samples had Sg values lower than the SiO2 employed as
the support. Because the SiO2 was a non-porous material, the ob-
served decrease in Sg might be related to particle agglomeration
that likely occurred during the impregnation/calcination steps.

The chemical composition of all supported samples was deter-
mined by XRF and is presented in Table 2, with the amounts of
Ni, Pd, and P expressed as a weight% of NiO, PdO, and P2O5, respec-
tively. The P/Ni molar ratio is also reported in the last column of
the table. For samples containing palladium oxide, the determined
amount of the noble metal was slightly higher than the theoretical
values, and this difference might be due to the model employed to
determine PdO content.

XRD diffractograms of SiO2 and NixPyOz presented broad fea-
tures centered at 2h � 22� and 2h � 30�, respectively, indicating
that these phases were either amorphous or that the particle size
was below the detection limit of the XRD equipment (2 nm) (see
Fig. 1 in Supplementary material). However, because this was a
bulk material presenting a medium to low surface area, the small
particle size hypothesis can be discarded.



Table 2
Chemical composition (weight%) of the samples in their oxidic state.

Sample PdO (%) NiO (%) P2O5 (%) SiO2 (%) P/Ni

NixPyOz/SiO2 – 32.28 16.58 51.14 0.54
0.1Pd NixPyOz/SiO2 0.15 28.44 17.92 53.49 0.67
0.5Pd NixPyOz/SiO2 0.72 28.19 18.56 52.53 0.67
1Pd NixPyOz/SiO2 1.63 28.10 17.14 53.13 0.62
30.5% NiO/SiO2 – 33.63 – 66.37 –
1.15% PdO/SiO2 1.25 – – 98.75 –
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The diffraction patterns of the NixPyOz/SiO2 and x% Pd NixPyOz/
SiO2 samples (see Fig. 1 in Supplementary material) showed a com-
bination of the individual characteristics of both SiO2 and bulk Nix-

PyOz. Notably, while the XRD pattern of 1.15% PdO/SiO2 (Fig. 1 in
Supplementary material) presented a small diffraction peak at
2h = 33.9� because of PdO (PDF 43-1024), the XRD patterns of x%
Pd NixPyOz/SiO2 did not present any diffraction peaks. This observa-
tion indicated that palladium has a higher dispersion when
impregnated in the NixPyOz/SiO2 than when it is impregnated di-
rectly into the SiO2. The reason for poor palladium dispersion on
SiO2 is related to the PdCl2 used as the metal source, a well-known
fact in the literature [32].

3.2. Phosphide synthesis by TPR

The water formation profile of the 1.15% PdO/SiO2 sample ob-
tained during TPR with b = 10 K min�1 is shown in Fig. 1a and is
composed of a single reduction peak with a maximum (Tmax) at
318 K, indicating that PdO reduction occurred at low temperatures,
as expected from previously reported data [32]. The water forma-
tion profile for the 30.5% NiO/SiO2 sample (Fig. 1b) was composed
of a shoulder and a peak located at 556 and 603 K, respectively, and
was also in accordance with data reported in the literature [33].
While the major reduction peak at 603 K was associated with the
reduction of NiO ? Ni due to the nickel oxide supported on the
Fig. 1. Water formation profiles during TPR using b = 10 K min�1 for 1.15% PdO/SiO2

(a), 30.5% NiO/SiO2 (b), NixPyOz (c), NixPyOz/SiO2 (d), 0.1Pd NixPyOz/SiO2 (e), 0.5Pd
NixPyOz/SiO2 (f), and 1Pd NixPyOz/SiO2 (g).
SiO2, the shoulder at 556 K was related to the reduction of bulk
NiO particles, which were formed because of the high loading
and were not bonded to the support.

Reduction of the NixPyOz sample occurred in the temperature
range from 800 to 1100 K, and the water formation profile had a
shoulder at 870 K and a major peak at 983 K. The observed shoul-
der and main peak for this sample could indicate that (1) the solid-
state transformation of NixPyOz ? Ni2P proceeded through two
steps; (2) the sample was composed of two different phases not
detectable by XRD; (3) the sample was composed of particles with
different size.

When supported on SiO2, NixPyOz did not present any shoulder
in the water formation profile during TPR (Fig. 1d). The TPR profile
of the NixPyOz/SiO2 sample consisted of an asymmetric peak that
presented only one reduction peak with a maximum at
Tmax = 993 K. This observation indicated that the solid-state trans-
formation of NixPyOz ? Ni2P likely occurred in one step. However,
when the water formation profiles obtained by TPR for the NixPyOz

and NixPyOz/SiO2 samples were compared, it was found that the
temperature ranges of the reductions were nearly identical, thus
indicating that the shoulder observed during TPR of the unsup-
ported sample was because of the presence of particles with differ-
ent size.

Incorporation of different amounts of PdO into the NixPyOz/SiO2

sample led to a modification of the shape and the Tmax value of the
water formation profile during TPR. For the lower palladium con-
tent (i.e., 0.115% PdO, 0.1% Pd NixPyOz/SiO2), the water profile chan-
ged from a single peak with a maximum at 993 K (Fig. 1d) to two
peaks with maxima at 773 and 926 K (Fig. 1e). Increasing the pal-
ladium oxide amount from 0.115% to 0.575% led to a decrease in
both the intensity and Tmax of the second peak from 926 to
876 K, with no modification in the Tmax value of the first maximum
(Fig. 1f). A further increase in palladium oxide content from 0.575%
to 1.15% led to the disappearance of the second maximum, result-
ing in a profile consisting of a single peak with Tmax = 772 K
(Fig. 1g). It is important to note that the decrease in Tmax

(�220 K) was independent of the amount of palladium loaded to
sample NixPyOz/SiO2.

Decreasing the heating rate to 5 or 1 K min�1 during TPR caused
a decrease in the temperature of the maximum of the water forma-
tion profiles, as expected from the TPR theory [34]. In the case of
NixPyOz/SiO2 (Fig. 2a), the decrease of b from 10 to 5 K min�1 led
to a shift in Tmax from 993 to 949 K; a further decrease in b to
1 K min�1 was accompanied by a decrease in the maximum to
834 K.

The same effect of the Tmax shifting to lower temperatures, with
decreases in the heating rate, was also observed for x% Pd NixPyOz/
SiO2 samples, as shown in Fig. 2b–d. Aside from the shift of Tmax to
lower values, the decrease in the heating rate during TPR of the
0.1% Pd NixPyOz/SiO2 and 0.5% Pd NixPyOz/SiO2 samples was accom-
panied by a decrease in both the intensity and Tmax of the second
reduction peak (Fig. 2b and c, respectively). This effect was not ob-
served for the 1% Pd NixPyOz/SiO2 sample because it did not origi-
nally present this peak (Fig. 2d). Notably, for a fixed heating rate,
the Tmax value of the first peak in the TPR profiles of the palla-
dium-containing samples depended little on the amount of palla-
dium incorporated into the NixPyOz/SiO2.

A close inspection of the water formation profiles presented in
Fig. 2 reveals that besides shifting Tmax to lower temperatures,
the decrease in the heating rate also conducts to a diminution of
the area under the TPR curves, a fact well explained by the TPR the-
ory [34]. In fact, the signal intensity when integrated over temper-
ature is smaller for lower heating rates, because doing so does not
take into account the time spent at each temperature. The diminu-
tion of the area under the TPR curves can lead to a false impression
that the degree of reduction varies with the heating rate. This is not



Fig. 2. Water formation profiles using different heating rates during TPR of the samples NixPyOz/SiO2 (a), 0.1Pd NixPyOz/SiO2 (b), 0.5Pd NixPyOz/SiO2 (c), and 1Pd NixPyOz/SiO2

(d).
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the case because if the signals of Fig. 2 are integrated over time (in-
stead of temperature), then the same areas are found (see Table 1
in Supplementary material), meaning that all of the samples pre-
sented the same degree of reduction.

Despite the fact that the decrease in heating rate for the TPR
experiments from 10 to 1 K min�1 with the NixPyOz/SiO2 sample
caused a large displacement in the Tmax value from 993 to 834 K,
the lower reduction temperature of 834 K can still be considered
high. Therefore, the application of Ni2P/SiO2 as a catalyst in reac-
tions of industrial interest is limited. Conversely, incorporation of
small amounts of palladium (as low as 0.1% w/w) to the NixPyOz/
SiO2 favored the decrease in Tmax from 834 to 670 K, thus allowing
industrial in situ synthesis and the use of supported nickel
phosphide.
3.3. XRD patterns and textural/chemical properties after reduction

The diffraction patterns obtained after reduction and passiv-
ation of NixPyOz, NixPyOz/SiO2, and x% Pd NixPyOz/SiO2 using the
conditions chosen from the TPR data and employed before
catalytic testing are presented in Fig. 3. The samples without
palladium (NixPyOz and NixPyOz/SiO2) were reduced with H2

using a b of 1 K min�1 and a final temperature of 923 K, whereas
those containing palladium (x% Pd NixPyOz/SiO2) were reduced
using the same heating rate of 1 K min�1 but with 723 K as
the final synthesis temperature.

The diffraction pattern for the product resulting from the reduc-
tion of NixPyOz is presented in Fig. 3a and shows peaks at 2h = 40.8�,
44.8�, 47.6�, and 54.4� that are characteristic of bulk Ni2P (JCPDS



Fig. 3. XRD patterns of Ni2P (a), Ni2P/SiO2 (b),0.1Pd Ni2P/SiO2 (c), 0.5Pd Ni2P/SiO2

(d), and 1Pd Ni2P/SiO2 (e).
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74-1385). The supported samples presented a broad feature at
2h � 22� due to the SiO2 and the characteristic pattern of the bulk
Ni2P (Fig. 3a), indicating that, in all cases, the final product was
Ni2P.

Sg values after reduction and passivation are presented in Ta-
ble 1. All samples presented lower Sg values than those of the
SiO2 support. Comparing these values to those of the oxidic precur-
sors (third column in Table 1), it can be seen that while the reduc-
tion step led to an increase in the Sg value of the supported
samples, the Sg value of the bulk sample decreased drastically from
53 to 1 m2 g�1.

From the TPR profiles it was possible to select the reduction
temperatures that should be employed before the catalytic testing
for reduction of each of the samples to achieve the formation of
Ni2P. These temperatures were also employed for activation before
the CO uptake measurement experiments. The CO chemisorption
uptakes are reported in Table 3 and were immediately obtained
in situ, after the reduction with pure hydrogen at either 923 K (Nix-

PyOz/SiO2) or 723 K (x% Pd NixPyOz/SiO2). The Ni2P/SiO2 sample,
which was reduced at a higher temperature than the others, pre-
sented the highest CO chemisorption uptake value (36 lmol g�1).
Notably, samples containing 0.5 and 1 wt.% Pd displayed the same
CO uptake (20 lmol g�1), while the sample containing 0.1 wt.% had
a CO uptake (15 lmol g�1) equal to that obtained for the 1% Pd/
SiO2 sample.
Table 3
CO chemisorption uptake.

Sample CO uptake (lmol g�1)

Ni2P/SiO2 36a

0.1Pd Ni2P/SiO2 15b

0.5Pd Ni2P/SiO2 20b

1Pd Ni2P/SiO2 20b

1Pd/SiO2 15b

a Reduction up to 923 K at b = 1 K min�1.
b Reduction up to 723 K/1 h at b = 1 K min�1.
3.4. In situ XANES and DXAS

K–P XANES spectra for all studied samples are presented in
Fig. 4, and for comparison purposes, the spectra of bulk Ni2P and
NixPyOz were inserted at the bottom of all other spectra. This figure
shows that the K–P XANES spectrum of the NixPyO/SiOx sample
(Fig. 4a) presented only one absorption peak located at
Eo = 2149 eV, which was also observed for the NixPyOz sample. This
peak was related to the presence of phosphate groups (discussed
below). Furthermore, the energy value of 2149 eV was subse-
quently used as a reference for the energies obtained for all sam-
ples at different reduction temperatures (i.e., the incident photon
energy is reported as E � Eo). The increase in the reduction temper-
ature up to 773 K did not cause any change in the K–P XANES spec-
trum of NixPyOz/SiO2, but for the reduction temperature of 873 K, a
second peak at E � Eo = �8.7 eV was clearly visible. This peak at
�8.7 eV was also observed in the spectrum corresponding to the
passivated, unsupported Ni2P sample (bottom spectrum).

When the K–P XANES spectra of the samples containing palla-
dium (Fig. 4b–d) were analyzed, a small peak at E � Eo = �8.7 eV
appeared for the reduction temperature of 673 K. The intensity of
this peak was augmented with both the temperature and the rela-
tive amount of palladium in the sample. Notably, the sample with-
out palladium (Fig. 4a) only presented this peak for temperatures
> 773 K. Furthermore, at this temperature of 673 K, the samples
containing palladium showed an additional shoulder at
E � Eo = �3 eV. In contrast, it was clear that the spectrum of the
1% Pd NixPyOz/SiO2 sample (Fig. 4d) reduced at 873 K was identical
to that of the unsupported Ni2P, a feature that was shared, to a les-
ser extent, by the samples containing smaller amounts of the metal
(Fig. 4b and c).

The XANES K–Ni edge of the NixPyOz/SiO2 and 1Pd NixPyOz/SiO2

samples was studied in situ, and the results are presented in Fig. 5a
and b, respectively. These figures show a decrease in the intensity
of the nickel white line and a shift in the absorption line to lower
energies with increasing temperature (please note that in these
experiments, a heating rate of 10 K min�1 was used from RT to
923 K, with a holding time of 1 h due to experimental conditions
that did not allow the use of heating rates of 1 K min�1. If it is as-
sumed that a change in the value of the heating rate does not affect
the transformation itself but only the maximum temperature
where the reduction occurs, then all XANES and DXAS data can still
be used, keeping in mind that in these cases the reduction degree is
smaller than that obtained in the experiments where lower heating
rates were employed). This decrease in white line intensity was
associated with a modification of the nickel oxidation state be-
cause of the transformation of NixPyOz ? Ni2P. The figures show
that although the reduction process of the 1% Pd NixPyOz/SiOz sam-
ple began at 670 K and was complete at 720 K (Fig. 5b), the reduc-
tion for the sample without palladium was initiated only after
spending some time at the final temperature of 923 K (Fig. 5a).
Therefore, aside from lowering the reduction temperature, palla-
dium incorporation also led to a decrease in the total time of
reduction.

3.5. Thiophene HDS

Catalytic performance in the thiophene HDS reaction at 593 K
and atmospheric pressure for the 1% Pd/SiO2, 30% Ni2P/SiO2, and
x% Pd 30% Ni2P/SiO2 samples is presented in Fig. 6. The 30% Ni2P/
SiO2 catalyst displayed very steady activity during the 120-h reac-
tion, whereas the 1% Pd/SiO2 catalyst suffered a light deactivation,
which was likely either due to the buildup of carbonaceous depos-
its on its surface or due to the agglomeration of the active phase
under the presence of sulfur containing molecules. Conversely,
catalysts containing palladium clearly underwent some type of



Fig. 4. P–K XANES spectra of samples NixPyOz/SiO2 (a), 0.1Pd NixPyOz/SiO2 (b), 0.5Pd NixPyOz/SiO2 (c), and 1Pd NixPyOz/SiO2 (d) at different temperatures under 10 mbar of H2.
Spectra for Ni2P (reduced bulk) and NixPyOz (bulk) reference samples are included for comparison at the bottom.

Fig. 5. In situ Ni–K XANES spectra of NixPyOz/SiO2 (a) and 1Pd NixPyOz/SiO2 (b) during temperature-programmed reduction (the highlighted spectra in each set indicate the
beginning and the end of the reduction process).

V.T. da Silva et al. / Journal of Catalysis 279 (2011) 88–102 95
activation during the first 20 h of the reaction, a phenomenon that
was more pronounced for the 0.1% Pd 30% Ni2P/SiO2 catalyst. In-
deed, it is important to note that at the beginning of the reaction,
x% Pd 30% Ni2P/SiO2 catalysts presented a TOF similar to that of
30% Ni2P/SiO2, but after a few hours of reaction, all of the noble
metal-promoted catalysts presented higher TOF values. For exam-
ple, after 120 h of reaction, 1% Pd/SiO2, 0.5% Pd 30% Ni2P/SiO2, and
1% Pd 30% Ni2P/SiO2 catalysts displayed TOF values roughly two-
fold greater than that of 30% Ni2P/SiO2. Additionally, 0.5% Pd 30%
Ni2P/SiO2 and 1% Pd 30% Ni2P/SiO2 displayed nearly the same
TOF. Unexpectedly, the 0.1% Pd 30% Ni2P/SiO2 catalyst had a TOF
four times larger than that of 30% Ni2P/SiO2. Finally, after sulfiding
at 673 K, the 30.5% NiO/SiO2 catalyst (not shown in Fig. 6) suffered
a strong deactivation during the course of the reaction, to such a
degree that thiophene conversion almost stopped after 100 h of
evaluation. However, this phenomenon was not unexpected from
previously published reports [26]. The NiO/SiO2 catalyst was sul-
fided prior to catalytic evaluation instead of reduced because it is
well known in the literature that the active phase in hydrotreating
reactions is a sulfide rather than a metal [26].

The selectivity obtained for all of the catalysts is presented in
Fig. 7. The most striking feature was that related to butane forma-
tion, which demonstrated that despite its light deactivation, the 1%
Pd/SiO2 catalyst displayed the highest selectivity value (�11%)
among all of the catalysts (�2%). In particular, if the butane selec-
tivity for this catalyst is compared to those obtained for x% Pd 30%
Ni2P/SiO2 catalysts, then it can be hypothesized that palladium had
little effect on the selectivity of the products in the promoted
catalysts.

One additional, noteworthy feature is the inversion in selectiv-
ity between t-butene and 1-butene obtained for the 1% Pd/SiO2 and
x% Pd 30% Ni2P/SiO2 catalysts. Although 1% Pd/SiO2 displayed the
selectivity trend t-butene > c-butene > 1-butene > butane, cata-
lysts containing the Ni2P phase (except 0.1% Pd 30% Ni2P/SiO2) pre-
sented the trend t-butene > 1-butene > c-butene > butane in the
first 80 h of reaction.



Fig. 6. Catalytic activity of 30% Ni2P/SiO2 (a), 1% Pd/SiO2 (b), 0.5% Pd 30% Ni2P/SiO2 (c), 1% Pd 30% Ni2P/SiO2 (d), and 0.1% Pd 30% Ni2P/SiO2 (e).
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Finally, it is also important to note that despite the different
tendencies and different initial values, the selectivity for all of
the products was nearly the same after 120 h of reaction for all
of the catalysts containing the Ni2P phase.
4. Discussion

If it is assumed that the transformation of NiNH4PO4�H2O ? a-
Ni2P2O7 observed by in situ XRD by both Rodriguez et al. [23] and
Berhault et al. [24] is purely a thermal phenomenon occurring
through the decomposition reaction

2NiNH4PO4 �H2O! a-Ni2P2O7 þ 3H2Oþ 2NH3 ð2Þ

then it is reasonable to assume that the same transformation would
occur if a sample was calcined under air at 773 K after the drying
step, as was done in the present work. In this way, all of the samples
synthesized in this work would be composed of either unsupported
nickel pyrophosphate or nickel pyrophosphate supported on silica
(i.e., a-Ni2P2O7/SiO2), thus explaining the amorphous character ob-
served by XRD. Moreover, the addition of palladium between 0.1
and 1 wt.% did not lead to any modification of pyrophosphate phase
amorphicity.

The hypothesis that an amorphous nickel pyrophosphate phase
formed after the calcination step could not be confirmed using the
P K-edge XANES spectra of the NixPyOz and x% Pd NixPyOz/SiO2 sam-
ples (second and third rows from the bottom in Fig. 4) because
both spectra had similar features. These features included an
absorption peak located at E � Eo = 0 eV (Eo = 2149 eV), which
could be assigned to the P 1s electronic transition to an unoccupied
electronic state formed by the hybridization of the sp3 and 2p orbi-
tals of P and O, respectively [35]. Thus, the absorption E � Eo = 0 eV
could be generally assigned to different types of phosphates (PO�3

4 ,
P2O�2

7 , P2O5), where the P atom was located in the center of a tet-
rahedron with oxygen atoms at the vertices. This is a limitation of P
K-edge XANES because it does not provide enough detail to allow
the discrimination of different P forms, as would be observed in
the less energetic P L2,3-edge XANES as shown by Kruse et al.
[36]. A study is currently being conducted in our laboratory using
P L2,3-edge XANES to discriminate different types of phosphates.

Although reasonable, the hypothesis that a-Ni2P2O7 is formed
after the calcination step had to be discarded when the chemical
compositions reported in Table 2 were closely examined. In fact,
if it was assumed that in all samples all of the phosphorous atoms
were present as P2O�2

7 species, then the excess of nickel would be
in the form of NiO, in compositions varying from 8.6% to 14.8% w/
w, as shown in Table 4. Taking into account the surface area of the
silica support, these amounts would be high enough to lead to the
formation of NiO crystals with sizes that would be detectable by
XRD, a fact that was not observed (see Supplementary material).

If a similar reasoning to that employed for nickel pyrophos-
phate formation but instead considering the formation of Ni3(PO4)2

after calcination at 773 K is made, then the theoretical composi-
tions of the samples would be those reported in the third column
of Table 4. These values were in much better agreement with the
obtained XRD data because the excess nickel would lead to the for-
mation of small amounts of NiO with particle sizes below the XRD
detection limit. However, if NiO was present as particles not
detectable by XRD, then some evidence would be required to show
that Ni3(PO4)2 indeed formed an amorphous phase after calcina-
tion at 773 K, as previously reported by Robinson et al. [1]. This evi-
dence was indirectly provided by the work of Pérez-Estébanez and
Isasi-Marin [37], where the authors synthesized a bulk sample
using a similar method to that employed in this work. The samples
were calcined in air at different temperatures (823, 923, 973, and
1083 K), and the authors observed that the product calcined at
823 K was amorphous and did not present any XRD peaks, contrary
to the others calcined at higher temperatures. Because the lowest
calcination temperature employed by Pérez-Estébanez and
Isasi-Marin [37] was higher than that used in this work, then it
can be assumed that, if formed, the Ni3(PO4)2 would be amorphous.

The hypothesis of Ni3(PO4)2 formation after calcination at 773 K
is further supported by the findings of Sawhill et al. [26]. Indeed,
when studying a sample supported on silica with the same amount
of Ni2P and the with the same P/Ni ratio used in this work, these
authors concluded from XPS data that the observed binding energy
of 133 eV for P (2P3/2) was in agreement with the value of 133.3 eV
reported by Franke et al. [38] for P in Ni3(PO4)2.

The P K-edge spectra presented in Fig. 4 were used to estimate
the degree of reduction of the various samples, using the bulk Ni2P
as a reference. The intensities for each of the absorption peaks in
Fig. 4 were obtained by means of a least-square fitting routine
assuming Gaussian line shape with peaks A1, A2, and B1 (see
Fig. 8) and using the WinXAS 3.1 program [39]. The normalization



Fig. 7. Butane (j), 1-butene (d), t-butene (N), and c-butene (.) selectivity for 30% Ni2P/SiO2 (a), 0.1% Pd 30% Ni2P/SiO2 (b), 0.5% Pd 30% Ni2P/SiO2 (c), 1% Pd 30% Ni2P/SiO2 (d),
1% Pd/SiO2 (e), and 24% Ni/SiO2 (sulfided at 673 K).
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background was fitted assuming an arctan function, with the
inflection point at the edge-level energy value (�2149 eV). The ra-
tio R between the first peak (A1) and the second plus the third
peaks (A2 + B1) (Eq. (3)) is a quantitative estimation of the presence
of reduced P species. A reduced bulk sample of Ni2P was taken as
the reference, assuming that the ratio R was equal to 1 for this ref-
erence compound.
R ¼
A1;sample

A2;sampleþB1;sample

� �

A2;bulk
A2;bulkþB1;bulk

� � ð3Þ

In Fig. 4, it can be seen that at ambient temperature, all samples
had the same P K-edge XANES spectrum, which was similar to that
of bulk NixPyOz. The first modification of the spectra of the palla-
dium-containing samples was in agreement with the XRD and
TPR results and occurred at a temperature of 673 K. This phenom-
enon was reflected in the appearance of a small peak at
E � Eo = �8.7 eV that was related to the Ni2P phase and associated
with electronic transitions from the 1s level to a mixture of 3p and
3d orbitals from P and Ni, respectively. For treatments at higher
temperatures, another peak located at �3 eV appeared, but due
to its low intensity, it was not completely defined.

Applying Eq. (3) to the different spectra in Fig. 4 allowed the
determination of the degree of reduction, as presented in Fig. 9.
This figure shows that the reduction of samples with palladium be-
gan at 673 K, and at this temperature, greater amounts of palla-
dium led to a greater degree of reduction. These results were in
agreement with those obtained by in situ XRD (see Fig. 2 in Supple-
mentary material), where it was shown that Ni2P formation was



Table 4
Theoretical composition of the samples if all phosphorous atoms were incorporated in
either a-Ni2P2O7 or Ni3(PO4)2 phases.

Sample If all P atoms were in

a-Ni2P2O7 Ni3(PO4)2

NixPyOz/SiO2 34.02% a-Ni2P2O7 42.75% Ni3(PO4)3

14.83% NiO 6.11% NiO
51.14% SiO2 51.14% SiO2

0.1Pd NixPyOz/SiO2 36.76% a-Ni2P2O7 46.21% Ni3(PO4)3

9.58% NiO 0.15% NiO
0.15% PdO 0.15% PdO
53.49% SiO2 53.49% SiO2

0.5Pd NixPyOz/SiO2 38.08% a-Ni2P2O7 46.75% Ni3(PO4)2

8.66% NiO 0.00% NiO
0.72% PdO 0.72% PdO
52.53% SiO2 52.53% SiO2

1.0Pd NixPyOz/SiO2 35.16% a-Ni2P2O7 44.20% Ni3(PO4)2

10.05% NiO 1.04% NiO
1.63% PdO 1.63% PdO
53.13% SiO2 53.13% SiO2

Fig. 8. P–K XANES experimental data (solid circles) and fitted curve (full line).
Dotted lines indicate each contribution to the total spectrum. Eo = 2148 eV.

Fig. 9. Degree of reduction of samples NixPyOz/SiO2 (a), 0.1Pd NixPyOz/SiO2 (b), 0.5Pd
NixPyOz/SiO2 and (c), 1Pd NixPyOz/SiO2 estimated from the P–K XANES data and
relative to a bulk Ni2P sample.
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detected only for a reduction temperature of 673 K. According to
Fig. 9, at 773 K, >50% of the phosphorous was already reduced in
the sample containing 1% palladium, whereas only 2.5% was re-
duced for the NixPyOz/SiO2 sample.

The positive effect of the palladium incorporation in decreasing
the reduction temperature was also observed by analyzing the Ni
white line. Fig. 10 shows the decrease in the intensity and the shift
to smaller energies for the Ni white line during the reduction pro-
cess. This figure shows that the process initiated at lower temper-
ature and that the necessary time to achieve a certain degree of
reduction at a fixed temperature was decreased when palladium
was incorporated into the phosphate sample. In fact, Fig. 10 shows
that although the reduction of the non-promoted sample (NixPyOz/
SiO2) only started 12 min after reaching the final reduction tem-
perature of 923 K, the reduction of the 1% Pd NixPyOz/SiO2 sample
began around 673 K and took only 5 min to achieve the final de-
gree of reduction. These results and temperature values were in
agreement with those of TPR (Figs. 1 and 2), where it was clear that
for the same heating rate, the palladium-containing samples pre-
sented a maximum at temperatures 200 K lower than those with-
out the noble metal, and the reduction process started earlier. This
effect of diminishing the reduction temperature could be explained
by taking into account the hydrogen spillover phenomenon that
occurs in the presence of noble metals [40]: if it is assumed that
after impregnation and calcination, the PdO particles were sup-
ported in the phosphate phase of the NixPyOz/SiOz sample, then
after the reduction of these palladium particles, the hydrogen acti-
vation will promote further hydrogen activation and spillover, thus
allowing the reduction of the Ni3(PO4)2 phase at lower
temperatures.

If the P K-edge XANES results are taken into account, then it is
clear that the higher the palladium amount, the higher the degree
of reduction in the beginning of the process, as shown in Fig. 9. This
observation indicates that the extent of the hydrogen spillover was
indeed a function of the noble metal concentration. In contrast, at
higher reduction temperatures (873 K), Fig. 9 indicates that
although samples containing 0.5% and 1% Pd have the same degree
of reduction (70%), the sample containing 0.1% Pd has a lower
reduction degree (65%).

Another observation that confirms the hypothesis that the
hydrogen spillover effect was a function of the palladium loading
was found by analyzing the water formation profiles obtained for
a fixed heating rate (Fig. 2). For instance, if the profiles obtained
for b = 10 K min�1 are inspected in Fig. 2, it is clear that, relative
to the non-promoted sample (NixPyOz/SiO2), the samples containing
palladium present a maximum located at temperatures 200 K low-
er. However, depending on the palladium amount, either two (0.1%
and 0.5% w/w Pd samples) or only one reduction peak (1% w/w Pd
sample) was present, attributed to more or less hydrogen spillover.

If it is assumed that the palladium particles had roughly the
same size after the calcination step, then the higher the noble me-
tal loading, the higher the number of particles available to both
promote the hydrogen spillover and increase its extent. Because
the 0.1% Pd NixPyOz/SiO2 sample had the lowest palladium concen-
tration and therefore the lowest number of available particles, it
can be assumed that at the beginning of the reduction process,
these particles promoted hydrogen spillover. In this way, the
reduction of the Ni3(PO4)2 phase began at temperatures 200 K low-
er than the non-promoted samples. With the progress of the reduc-
tion, part or all of the palladium particles were recovered by the
Ni2P-formed phase and because of recovering and/or migration,
the hydrogen spillover would stop. Furthermore, without palla-
dium particles available for the spillover, the Ni3(PO4)2 ? Ni2P
reduction would occur at higher temperatures. If this proposition
is true, then the first maximum in the profiles of Fig. 2b was asso-
ciated with the Ni3(PO4)2 ? Ni2P reduction by the activated hydro-



Fig. 10. Edge energy shift for the Ni–K XANES spectra of NixPyOz/SiO2 without Pd (a) and with 1 wt.% of Pd (b) sample taken in situ conditions during reduction in H2.
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gen, and the second maximum was due to the same transformation
occurring only by a temperature effect. According to this hypothe-
sis, the higher the palladium loading, the higher the hydrogen spill-
over effect and therefore a decreasing amount of Ni3(PO4)2 would
be thermally reduced. Fig. 11 is a schematic representation of the
proposed model for the reduction of promoted and non-promoted
samples.

Despite the lack of spectroscopic data to support the assump-
tion of the occurrence of hydrogen spillover on the palladium par-
ticles, the hypothesis can be further considered to be true if other
works in the literature are took into account. Several reports in the
literature show that palladium or platinum incorporation to a
MoO3/Al2O3 catalyst lead to a big decrease in the molybdenum
oxide reduction temperature [41–43], independently of the palla-
dium source employed (nitrate or chloride), and this effect was
attributed to the hydrogen spillover that took place in the noble
metal particles. Based on these works, the hypothesis that the
hydrogen spillover phenomenon is responsible for the lowering
of the Ni3(PO4)2 reduction temperature is a reasonable one. How-
ever, at the present, the exact mechanism is unknown and further
studies have to be performed to completely elucidate it.

Analysis of Fig. 6 reveals that while the 30% Ni2P/SiO2 catalyst
has a very steady activity over 120 h of reaction, reactions pro-
moted with palladium went through some slow activation process,
with activity increasing during the first 20 h of reaction and then
reaching steady values. This increase in activity with time on
stream has been previously reported for Ni2P catalysts [23,26,44]
and was attributed to a partial sulfidation of the Ni2P. Using XRD
and EXAFS analysis, Oyama et al. [7,45] proposed that during the
course of the reaction, a phosphosulfide phase formed on top of
the Ni2P and this phosphosulfide would be the active phase in
hydrotreating reactions.

This assumption of phosphosulfide formation during the course
of the reaction was also considered in other reports [20,46]. In fact,
in a theoretical study using density functional theory calculations,
Nelson et al. [47] demonstrated that under hydrotreating condi-
tions, it was possible to replace up to 50% of phosphorous atoms
of the (0 0 1) Ni2P surface with sulfur atoms, forming a Ni3PS phase
that was more energetically stable than bulk Ni2P or Ni3S2. How-
ever, although this theoretical study pointed to the maximum
amount of sulfur incorporated into the Ni2P phase, it should be
kept in mind that under real reaction conditions, the degree of sulf-
idation could be lower, as reported by Korányi et al. [44]. In this re-
port, a phosphosulfide was identified with a composition of
Ni2P1.0S0.24 after the reaction.

Taking all of these reports into account [7,20,23,26,44,46], it is
reasonable to assume that the increase in activity observed for
the palladium-promoted samples during the first 20 h of reaction
is due to a slow transformation of the Ni2P into a phosphosulfide
phase, NixPySz. However, if this assumption is true, two questions
immediately arise: (1) Why did the non-promoted sample (i.e.,
30% Ni2P/SiO2) display steady activity? (2) Why did the promoted
samples show different activation behaviors (i.e., samples contain-
ing 0.5% and 1% Pd displayed almost the same activities, and the
sample with 0.1% Pd showed a higher final activity)?

The answer to both questions relies on the final temperatures
used to reduce the oxidic samples. In fact, while the non-promoted
sample was reduced prior to the catalytic testing (or CO chemi-
sorptions measurements) under a flow of pure H2 at 923 K, the pro-
moted samples were reduced using the same experimental
conditions but at 723 K as the final temperature. Under these con-
ditions, it is normal to assume that the Ni2P/SiO2 and x% Pd Ni2P/
SiO2 catalysts have different degrees of reduction, with the cata-
lysts activated at a higher temperatures resulting in larger degrees
of reduction.

When the K–P XANES results were analyzed (Fig. 9), it was
found that for a reduction temperature of 723 K, samples contain-
ing 0.5% and 1% palladium presented similar degrees of reduction.
These degrees of reduction were larger than those of the samples
with 0.1% Pd or without palladium. At this point, it is important
to note that while the data in Fig. 9 were obtained using a heating
rate of 10 K min�1, the heating rate was 1 K min�1 during the acti-
vation of the samples prior to the catalytic testing. This indicates
that the reduction degrees of the samples under reaction condi-
tions were higher than those reported in Fig. 9 with the same trend
in the degree of reduction (i.e., 0.5% Pd Ni2P/SiO2 � 1% Pd Ni2P/
SiO2 > 0.1% Pd Ni2P/SiO2). Because the Ni2P/SiO2 was obtained
using a somewhat more drastic reduction condition (923 K, 1 h),
this sample presented a higher degree of reduction.

If it is assumed that CO linearly adsorbs on nickel atoms of the
Ni2P, as theoretically and experimentally shown by Nelson et al.
[47] and Layman and Bussel [48], respectively, then the higher
the number of nickel atoms available for chemisorption, the higher
the CO chemisorption. In other words, higher degrees of reduction
would result in higher values of CO chemisorption uptake. When
the CO uptake values presented in Table 3 are considered, it can
be seen that the proposed trend for the degree of reduction
(Ni2P/SiO2 > 1% Pd Ni2P/SiO2 � 0.5% Pd Ni2P/SiO2 > 0.1% Pd Ni2P/
SiO2) is confirmed.

The fact that the different samples presented different degrees
of reduction indicates that the residual amount of oxygen in each
one of them was different and followed the opposite trend, with
the more reduced samples having less residual oxygen in their
structures. However, independent of the amount of residual oxy-
gen, all of the samples presented the characteristic X-ray diffrac-
tion pattern of the Ni2P phase after the reduction and passivation
steps (Fig. 3). This amount of residual oxygen in the different sam-



Fig. 11. Proposed model for the reduction of nickel phosphate supported on silica in function of the palladium amount. For a particular reduction temperature, the figure
depicts that the higher the palladium content, the higher the occurrence of hydrogen spillover and therefore the higher the phosphate reduction into Ni2P.
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ples seemed to play an important role over the final activity, as dis-
cussed next.

Nelson et al. [47] showed that sulfur incorporation into the Ni2P
phase could occur either through the dissociation of the H2S formed
during the reaction or through surface phosphorus replacement by
sulfur. In the latter case, the model assumed that there was the re-
moval of a phosphorous atom from the surface in the first step in a
very energetic process (E = +1.71 eV), thus creating a vacancy. In the
second step, the very reactive vacancy readily reacted with H2S,
leading to the formation of the Ni3PS and molecular hydrogen.
According to their calculations, the replacement of phosphorus by
sulfur could only occur for up to 50% of the phosphorous atoms.

The creation of phosphorus vacancies could occur either during
the reduction process (if high temperatures were employed) or
during the reaction at high hydrogen and H2S partial pressures.
However, none of these situations occurred in the present study.
Considering that after the reduction, the samples used in this study
had different amounts of residual oxygen (Ni2PyO1�y), it can then
be assumed that the H2S formed during the thiophene HDS slowly
began reacting with oxygen atoms to form a surface phosphosul-
fide phase (Ni2PyO1�y ? Ni2PyS1�y). This scenario would explain
the observed increase in activity, as the larger the residual oxygen
(y close to 0.5 in the partially reduced phosphide, Ni2PyOy�1), the
higher the sulfur incorporation, and consequently, the higher the
final catalytic activity. In this way, the observed catalytic activity
(0.1% Pd Ni2P/SiO2 > 0.5% Pd Ni2P/SiO2 � 1% Pd Ni2P/SiO2 > Ni2P/
SiO2) could be explained and is in agreement with previous works
from the literature that have correlated the catalytic activity of
bulk Ni2P catalysts with the degree of reduction [3,5,11,22,26]. Be-
cause the samples with lower degrees of reduction had more resid-
ual oxygen that could potentially be replaced by sulfur, then we
speculate that fully reducing the phosphate precursor prior to
the catalytic testing would not lead to the more active catalyst.

Taking into account that Nelson et al. [45] have proposed in
their theoretical work that in pure (0 0 1) Ni2P half of the phospho-
rous atoms can be replaced by sulfur in a very energetic process
(E = +1.71 eV), what is hypothesized here is that if the phosphide
is partially reduced (Ni2PyO1�y, y 6 0.5) prior to catalytic testing,
then the replacement of the residual oxygen atoms by sulfur form-
ing a phosphosulfide would be more easy than the direct substitu-
tion of a phosphorous atom by sulfur. Moreover, other works in the
literature [26,49] have shown that sulfiding the NixPyOz/SiO2 at
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673 K prior to reduction at 873 K leads to catalysts more active
than that only reduced at 873 K.

Another point that could be raised concerning the catalytic
behavior of the promoted samples is related to the presence or
not of residual chlorine in the surface of the catalysts. In fact, it
is well known from the literature that the presence of residual
chlorine ions affects the activity of Pd catalysts prepared from
PdCl2 supported either on alumina [50] or silica [51]. During the
TPR experiments depicted in Figs. 1 and 2, no signal attributed to
HCl (m/z = 36) was observed by mass spectroscopy, thus indicating
either that chlorine is strongly attached to the phosphate phase or
that if released, the amount freed from the catalyst was below the
detection limit of the mass spectrometer. No matter what hypoth-
esis is true, the surface chemistry of the residual chlorine ions at-
tached to the phosphate phase must be completely different
from that on alumina or silica because the XRD data of the oxidic
compounds presented in Supplementary material show that while
the PdO/SiO2 sample (see Fig. 1g in Supplementary material) pre-
sented a diffraction associated with PdO, the samples x% PdO Nix-

PyOz/SiO2 did not show any diffractions at all.
If it is assumed that the chlorine ions are attached to the phos-

phate and remain in the sample even after reduction, then their
role over the apparent activity is a matter of further study. How-
ever, Guan et al. [19] have shown that the catalytic activity of bulk
Ni2P containing residual amounts of chloride was not affected
when compared to a catalysts synthesized by TPR of bulk nickel
phosphate. Therefore, it can be inferred from the work of Guan
et al. [19] that the presence of residual chloride ions does not affect
the activity of nickel phosphide.

At this point, it could be argued that part of the activity pre-
sented by the promoted samples was due to the presence of the
noble metal. This question cannot be answered solely by analysis
of the activity data in Fig. 6, and complementary experiments
(e.g., X-ray photoelectron spectroscopy) would have to be per-
formed to determine the surface concentration of palladium. How-
ever, when the selectivity data presented in Fig. 7 are considered,
then it becomes very clear that palladium had no influence over
the catalytic activity because, if it had, the butane selectivity of
the promoted samples would be > 10% (please note that the prod-
uct selectivity was compared at very similar levels of thiophene
conversion). Furthermore, the selectivity values of the promoted
samples were quite similar to those presented by the non-
promoted sample, indicating that the nature of the active sites
was similar for all samples.

The comparison of the butane selectivity values of the x% Pd
Ni2P/SiO2 and that of the Pd/SiO2 reference catalyst was important
in proving that palladium was not taking part in the overall reac-
tion. In addition, it validated the model proposed in Fig. 11, where
palladium was covered by nickel phosphide during the reduction.
In this way, the beneficial effect of the addition of small amounts
of palladium to NixPyOz/SiO2 catalysts allowed their activation at
lower temperatures than those commonly employed.
5. Conclusions

The addition of small amounts of palladium to a supported
nickel phosphate on silica (NixPyOz/SiO2) led to a decrease of
approximately 230 K in the synthesis temperature of Ni2P. This de-
crease likely occurred due to hydrogen activation that took place in
the palladium particles; this more active form of hydrogen easily
reduced the supported nickel phosphate. During the synthesis pro-
cess, the Pd particles were covered by and/or migrated to the bulk
of the Ni2P and therefore were not available to participate in the
thiophene hydrodesulfurization reaction. In situ P K-edge XANES
was a useful probe to estimate the degree of reduction of phos-
phates, and there was a correlation between the degree of reduc-
tion and the CO chemisorption uptake. Furthermore, there was
an increase in the catalytic activity during the reaction that was
more pronounced for the less reduced samples, indicating that
the formation of the phosphosulfide species was facilitated by
the presence of residual oxygen.
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